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Plants are sessile organisms, so they have to cope with environmental situations that 
could be biotic and abiotic stresses. These stresses strongly impact the plant 
metabolism, but plants have developed sophisticated resistance mechanisms to avoid 
them, and to survive unfavourable conditions. These defence mechanisms can be 
activated by several ways, such as treatment with chemical or natural compounds that 
could act as defence inducers against biotic and abiotic stresses or by systemic acquired 
acclimation (SAA) produced by a previous exposure to abiotic stress, among others. 
Presently, looking for new alternatives to using pesticides to fight against plant diseases 
is considered a priority issue. One of today’s approaches is to use natural compounds 
that do not incur any risk to the environment and can induce defence mechanisms in 
plants. 
Based on the research group’s background about induced resistance, two experimental 
approaches were proposed. The first was to propose a new formulation to induce natural 
plant defences based on a complex between copper (Cu) and heptagluconic acid as an 
alternative use to pesticides in the tomato-Pseudomonas syringae pathosystem. This 
complex has been proposed to reduce free-Cu application against pathogens avoiding 
this way its toxicity for organisms and the environment. The second approach was to go 
in-depth into the action mechanisms of two compounds, 1-methyltrypthophan (1-MT) 
and ammonium (NH4
+
), in the tomato-P. syringae pathosystem, because their 
effectiveness as resistance inducers against P. syringae in tomato plants has been 
recently found.  
Within the first approach, the application of Cu heptagluconate was proposed to treat 
the tomato plants subsequently infected with the bacterium P. syringae due to its easy 
absorption and diffusion in plants. It was observed that this complex was most effective 
in controlling and preventing bacteria attack, and symptoms reduced by more than 50%. 
The application of this new formulation also induced the accumulation of phenolic 
compounds such as caffeic acid and chlorogenic acid related to antioxidant activity. 
These compounds were related to cell wall reinforcement that could inactivate the 





plants showed lower reactive oxygen species (ROS) levels, which can delay or 
deteriorate the pathogenesis machinery or induce defensive plant responses. 
As discussed above, the second approach was to study the 1-MT effect against P. 
syringae because a previous study of the research group showed a 33-fold enhancement 
of this compound in tomato plants infected with this pathogen. Moreover, 1-MT 
treatment was effective against this pathogen when it was applied to the roots. 
Therefore, one aim of this work was to examine in-depth the mode of action of 1-MT in 
tomato plants against the pathogen P. syringae by analysing the changes produced in 
both the plant and bacteria. This work confirms that 1-MT acts as a resistance inducer 
against stress in tomato plants by modifying apoplast content. It also demonstrates that 
abscisic acid (ABA) can be implicated in this resistance mechanism. ABA can inhibit 
the stomatal aperture caused by bacterial coronatine (COR), which can prevent bacteria 
from entering the mesophyll. Moreover, 1-MT treatment might block the oxylipine 
pathway in plants due to the reduction observed in plant jasmonic acid levels (JA), 
which may pose a difficulty for salicylic acid (SA) pathway manipulation for bacteria 
with shown enhancement in the PR5 gene expression that can help plants to defend 
themselves against pathogen infection. At last, 1-MT treatment is demonstrated to affect 
bacteria by reducing its motility and also the expression of the gene responsible for 
flagellum synthesis (fliC).  
On the other hand, the action mechanism of NH4
+
 in the tomato-P. syringae 
pathosystem was studied. Previous results showed that treatment with NH4
+
 in tomato 
plants reduces the symptoms caused by the bacteria P. syringae, where ABA plays a 
fundamental role, as do polyamines (PAs) and H2O2 in the systemic acquired aclimation 
(SAA) process that acclimate plants to a subsequent stress. Therefore, an in-depth study 
into the mechanism of action of induced NH4
+
-mediated resistance against P. syringae 
was proposed, and whether nutritional balance and the primary metabolism of C and N 
are involved in this mechanism. Regarding nutritional balance, an accumulation of S, P, 
Zn and Mn was observed in the leaves of the plants infected and treated with NH4
+
, 
these being nutrients required for the proper functioning of ROS detoxification 
enzymes. In addition, primary metabolism reprogramming was observed in both leaves 
and roots, along with a marked increase in amino acid Arginine, one of the precursors of 
the biosynthesis of putrescine (Put). These findings suggest the importance of the 






infected. As mentioned above, the important role of Put in resistance induced against P. 
syringae was pointed out. This polyamine is synthesised through two different 
enzymatic pathways: one catalysed by ornithine decarboxylase (ODC) and the other by 
arginine decarboxylase (ADC). Generating tomato plants silenced in both pathways 
(ADC and ODC) in an independent manner was proposed to elucidate the role of both 
pathways in induced resistance in the tomato-P. syringae pathosysthem. The ADC- and 
ODC-silenced plants showed a marked reduction in gene expression and increased 
susceptibility to P. syringae in the heterozygous plants. It suggests that Put synthesis is 
required for a proper plant defence response. These transgenic plants will be a very 
useful tool for unveiling the role that Put can play in the induced resistance mechanism 
against various stresses. Another partial objective was to study the cellular localisation 
of both proteins (ADC and ODC) through transient transformation in Nicotiana 
benthamiana plants. The results revealed the presence of ADC in the cytoplasm, and 
that of ODC in both the cytoplasm and nucleus. 
Finally, as mentioned above, several changes in nutritional balance and in C and N 
metabolisms, were observed in the roots of the tomato plants treated with NH4
+
. 
Therefore, the final goal of this work was to elucidate how the N source can affect both 
root development and N assimilation at the transcriptional level in tomato plants. 
Moreover, whether ABA plays a role in root development under different N sources 
was also investigated. The results showed that the tomato roots grown with NH4
+
 as the 
only N source displayed less root development than when NO3
-
 was present in the 
medium. It was proven that addition of C compounds (glucose or 2-oxoglutarate) to 
NH4
+
 treatment alleviated the negative effect of this ion on root development. Lastly, 
the effect of the N source on auxin transport, N uptake and assimilation and ROS 
detoxification processes was also analysed at the transcriptomic level. The results 
showed that tomato root reprogrammes gene transcription according to the N source, 
and the assimilation process was affected by the N source and induced by lack of ABA. 
Moreover, NH4
+
 nutrition induced several of the enzymes involved in ROS scavenging 
processes. 
In summary, we conclude that Cu heptagluconate, 1-MT and NH4
+
 are good alternatives 
to induce resistance in tomato plants against the pathogen P. syringae, avoiding the 








Las plantas son organismos sésiles, por lo que a lo largo de su vida tienen que 
enfrentarse a diferentes estreses ambientales, tanto de carácter biótico como abiótico, lo 
que supone un gran impacto sobre su metabolismo. Para minimizar este impacto, las 
plantas han desarrollado una serie de mecanismos de defensa que les permite hacer 
frente a estas situaciones desfavorables. Estos mecanismos pueden ser activados de 
distintas formas, ejemplos de ellos son, el tratamiento con productos químicos o 
naturales que pueden actuar como inductores de defensa frente a estreses tanto abióticos 
como bióticos o la aclimatación sistémica adquirida (SAA) ante la preexposición a un 
estrés abiótico, entre otros. 
En la actualidad, se considera un tema prioritario buscar alternativas al uso de pesticidas 
en la lucha frente a las enfermedades de las plantas. Una de las aproximaciones actuales 
es el uso de compuestos naturales que no producen ningún riesgo para el 
medioambiente y pueden inducir los mecanismos de defensas en la planta.  
Basándonos en los trabajos previos del grupo de investigación sobre resistencia 
inducida, se propusieron dos aproximaciones experimentales. La primera fue proponer 
una nueva formulación para inducir las defensas naturales de las plantas, basada en el 
complejo de cobre con el ácido heptaglucónico en el patosistema tomate-Pseudomonas 
syringae. Esta combinación se propuso con la finalidad de restringir el uso del Cu en 
forma libre frente a patógenos, evitando así la contaminación tanto de los organismos 
vivos como del medio ambiente. La segunda aproximación fue profundizar en el 
mecanismo de acción de dos compuestos, el 1-metiltriptófano (1-MT) y el amonio 
(NH4
+
), en el patosistema tomate-P. syringae, habiéndose demostrado recientemente su 
efectividad como inductores de resistencia en este patosistema. 
Dentro de la primera aproximación, debido a su fácil absorción y difusión en la planta, 
se planteó la aplicación del heptagluconato de cobre a plantas de tomate que 
posteriormente se infectaron con la bacteria Pseudomonas syringae pv. tomato DC3000. 
Se observó que este complejo es altamente efectivo para el control y prevención del 
ataque de la bacteria, mostrándose una reducción de los síntomas de la infección en más 
de un 50%. Además, la aplicación de esta nueva formulación induce la acumulación de 




compuestos con actividad antioxidante relacionados con el refuerzo de la pared celular 
que podrían inactivar los enzimas producidos por el patógeno o inhibir la síntesis de 
toxinas específicas. Además, se reduce la acumulación de las especies reactivas de 
oxígeno (ROS) en plantas infectadas, lo que puede causar un retraso o deterioro en la 
maquinaria de patogénesis o una inducción de respuestas defensivas de la planta.  
Dentro de la segunda aproximación, se perseguía profundizar en el mecanismo de 
acción del 1-MT porque en estudios previos del grupo, se encontró un aumento de más 
de 33 veces de este metabolito en plantas de tomate infectadas con P. syringae y era 
efectivo como tratamiento vía radicular frente a este patógeno. Por ello, otro de los 
objetivos de esta tesis, ha sido profundizar en su modo de acción y analizar los cambios 
producidos tanto a nivel de planta como de bacteria. En este trabajo, se ha confirmado 
que el 1-MT actúa como inductor de resistencia frente a dicho estrés modificando el 
contenido del apoplasto, y se ha demostrado que el ácido abscísico (ABA) podría estar 
implicado en el mecanismo de resistencia. Éste podría causar la inhibición de la apertura 
estomática producida por la coronatina (COR) de la bacteria, pudiendo así prevenir la 
entrada de la bacteria en el mesófilo. Además, el tratamiento con 1-MT podría estar 
bloqueando la ruta de las oxilipinas, puesto que se observan niveles reducidos de ácido 
jasmónico (JA) en la planta, lo que dificultaría la manipulación por parte de la bacteria 
de la ruta del ácido salicílico (SA), mostrándose elevados niveles de expresión del gen 
PR5 que ayudarían a la planta a defenderse del patógeno. Finalmente, el tratamiento con 
1-MT parece también afectar a la bacteria porque se reduce su motilidad, observándose 
además, una reducción en la expresión del gen encargado de la correcta síntesis del 
flagelo (fliC). 
Por otra parte, se profundizó en el mecanismo de acción del NH4
+
 en el patosistema 
tomate-P. syringae. Los resultados previos mostraron que el tratamiento con NH4
+
 en 
plantas de tomate, reducen los síntomas causados por la bacteria P. syringae, jugando el 
ABA un papel fundamental, así como las poliaminas y el H2O2 en el proceso de SAA 
(aclimatación sistémica adquirida) que aclimata a la planta frente a un estrés posterior. 
Por ello, se propuso profundizar en el mecanismo de acción de la resistencia inducida 
mediada por NH4
+
 frente a P. syringae y estudiar si el balance nutricional y el 
metabolismo primario del C y N están implicados en dicho mecanismo. Respecto al 




plantas infectadas y tratadas con NH4
+
, nutrientes necesarios para el correcto 
funcionamiento de los enzimas implicados en la detoxificación de ROS. Además, se 
observa una reprogramación del metabolismo primario tanto a nivel de hoja como de 
raíz. Concretamente, se observa un marcado incremento del aminoácido Arginina, uno 
de los precursores de la biosíntesis de la putrescina (Put). Esto sugiere la importancia de 
la ruta del glutamato como punto clave del control metabólico en las plantas tratadas 
con NH4
+
 e infectadas. Además, en trabajos previos del grupo ya se había destacado el 
papel clave de la Put en la resistencia inducida frente a P. syringae. Esta poliamina se 
sintetiza a través de dos vías enzimáticas, una catalizada por la ornitina descarboxilasa 
(ODC) y la otra por la arginina descarboxilasa (ADC), por lo que se propuso dilucidar 
el papel de ambas rutas en la resistencia inducida en el patosistema tomate-P. syringae. 
Para ello, se han generado plantas silenciadas en ambas vías de forma independiente. 
Las plantas silenciadas en cada una de las rutas de los genes ADC y ODC, han mostrado 
una reducción acusada en la expresión de los mismos y una mayor susceptibilidad frente 
a P. syringae en plantas heterocigotas, lo que indica que la síntesis de Put es necesaria 
para que la planta se defienda correctamente del patógeno. Las plantas silenciadas en 
estas rutas serán una herramienta muy útil para poder desvelar el papel que puede 
desempeñar la Put en el mecanismo de resistencia inducida frente a diversos estreses. 
Por otra parte, otro objetivo parcial planteado ha sido estudiar la localización celular de 
ambas proteínas (ADC y ODC) mediante una transformación transitoria en plantas de 
Nicotiana benthamiana. Los resultados han mostrado la presencia de ADC en el 
citoplasma y de ODC en citoplasma pero también en el núcleo celular. 
Finalmente, al observarse cambios en el balance nutricional y en el metabolismo 
primario del C y N en la raíz de las plantas de tomate tratadas con NH4
+
, se planteó 
dilucidar cómo la fuente de N puede afectar al desarrollo de la raíz y a la asimilación del 
N a nivel transcripcional en plantas de tomate. Además, se ha investigado si el ABA 
juega un papel en el desarrollo de la raíz crecidas con diferentes fuentes de N. Los 
resultados han mostrado que las raíces de las plantas de tomate crecidas con NH4
+
 como 
única fuente de N presentan un desarrollo radicular menor que cuando se tratan con 
NO3
-
. Además, se ha comprobado que la adición de compuestos carbonados (glucosa o 
2-oxoglutarato) al tratamiento de NH4
+
 alivia el efecto negativo que tiene este ión en el 




Por último, también se analizó a nivel transcriptómico qué efecto tiene la fuente de N en 
los procesos de transporte de auxinas, absorción y asimilación de N y detoxificación de 
ROS. Los resultados han mostrado que la raíz reprograma la transcripción de los genes 
en función de la fuente de N y que el proceso de asimilación está afectado por la fuente 
e inducido por la ausencia del ABA. Además, la nutrición por NH4
+
 induce varios 
enzimas implicados en el proceso de detoxificación de ROS. 
En resumen, teniendo en cuenta todos los resultados descritos, se propone el 
heptagluconato de cobre, el 1-MT y el NH4
+
 como buenas alternativas para inducir 
resistencia en plantas de tomate contra el patógeno P. syringae, evitándose el uso 














The world population will reach around 9 billion in the next thirty years (United 
Nations, 2015). Thus food production will necessarily increase to cover the food 
demand of the world’s population (Godfray et al., 2010). To fulfil this objective, a large 
amount of agrochemicals will be required, with consequent effects on both the 
environment and our health without taking into account the recommendation proposed 
by Food and Agriculture Organization about food security (www.fao.org). Thus, 
research to find new environmentally friendly compounds is paramount to prevent these 
negative effects.   
Pesticides are agrochemical compounds used in agriculture to control plant diseases. 
The widespread use of some of them poses a health and environment risk (Bassil et al., 
2007; Aktar et al., 2009). For years, farmers have applied large amounts of these 
products to ensure production, but the pesticides used in excess have produced 
environmental pollution (Wilson and Tisdell, 2001). Moreover, several studies show 
increased resistance against the use of pesticides (Maino et al., 2018; Dermauw et al., 
2018; Hawkins et al., 2018). For this reason, a set of strategies is required to minimize 
the environmental effects of these compounds, such as adjusting the amount of them 
supplied to crops or using enviro-friendly compounds (Damalas and Eleftherohorinos, 
2011, Nicolopoulou-Stamati et al., 2016).  
The vast amounts of N agrochemical fertilisers, mainly in the NO3
-
 form, is another 
environmental problem, as only 50% of the N supplied to soil is used by plants (Hodge 
et al., 2000; Robertson and Vitousek, 2009). NO3
-
 is highly soluble and it can be 
leached into groundwater to produce water eutrophication and is also released to the 
atmosphere as nitrous oxide (Sánchez-Pérez et al., 2003). Hence, NH4
+
-based 
fertilisation is a more enviro-friendly alternative to NO3
-
, as it can be adsorbed into the 
soil particles, which would reduce the possibility of leaching to groundwater. 
Based on this scenario, further studies on the search for green alternatives are necessary 
to increase crop productivity and decrease applications of pesticides and fertilisers in 
order to achieve sustainable agriculture.  
 
 




The tomato-Pseudomonas syringae pv tomato DC3000 system 
Tomato (Solanum lycopersicum L.) is a dicotyledonous and perennial herbaceous plant 
that belongs to the Solanaceae family. It requires a warm climate of around 26 ºC 
during the day and 15 ºC at night with a relative humidity of 60% (OEDC, 2017). 
Nowadays, tomato is one of the most extensively produced and consumed vegetable 
crops (Zorzoli et al., 2007) and offers many beneficial metabolites that can contribute to 
healthy diet (Goff and Klee, 2006; Tohge et al., 2014). Tomato production has 
increased in recent years, its world production is about 182 million tons from 4,848 
million ha, and Spain is the eighth largest tomato-producing country in the world 
(www.fao.org/faostat/en). However, tomato plant production is reduced by the attack of 
a variety of pests and diseases (Table 1).  
Table 1. Examples of pests and diseases of tomato plants (Adapted from: OEDC, 2017). 
Insects Bacteria Oomycetes/Fungi 
● Agrotis ipsilon Hufnagel 
● Bemisia argentifolii Bellows 
and Perring 
● Keiferia lycopersicella 
Wallshingham 
● Leptinotarse decemlineata 
Say 
● Manduca sexta L. 
● Spodoptera exigua Hübner 
● Tuta absoluta Meyrick 
● Thrips tabaci Linderman 
● Trioza spp. 
● Aphids 
 
● Clavibacter michiganense 
Smith 
● Ralstonia solanacearum 
Smith  
● Pseudomonas syringae van 
Hall pv. tomato  
● Xanthomonas campestris 
Pammel 
● Alternaria alternate 
Keissler 
● Alternaria alternata f. 
sp.lycopersici Grogan et al. 
● Alternaria solani Jones 
and Grout 
● Botrytis cinerea  
Cladosporium fulvum 
● Fusarium oxysporum f. 
sp. lycopersici Vawdrey 
and Peterson  
● Fusarium solani (Mart.) 
Sacc.  
● Phytophtora infestans 
(Mont.) de Bary  
● Sclerotinia sclerotiorum 
(Lib.) de Bary 
The tomato genome was sequenced seven years ago (The Tomato Genome Consortium, 
2012). It is diploid specie and it has a genome size of around 950 Mb (Michaelson et 
al., 1991), which permitted several improvements in biotechnology or genetic 
engineering experiments (Aflitos et al., 2014; Tranchida-Lombardo et al., 2018).  
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P. syringae is a Gram-negative bacterium with flagellum that causes major diseases and 
economical loss in a wide range of species such as tomato producing the bacterial speck 
disease in leaves, stems or fruits, mainly caused by the pathovar tomato DC3000 (Zhao 
et al., 2000; Mansfield et al., 2012). P. syringae is a hemibiotrophic pathogen that 
requires a living host in the first stage to take nutrients (biotroph) and then causes cell 
death (necrotroph). P. syringae pathogenesis comprises epiphytic colonisation, enters 
through stomata or wounds, grows in the apoplast using the nutrients present in the 
plant cell and ends in chlorosis and black speck disease symptoms (Fig. 1). The change 
from the epiphytic to the endophytic phase seems cell density-dependent through the 
detection of their own molecular signals in coordinating gene expression by what is 
known as quorum-sensing (QS) (Venturi, 2006). In Gram-negative bacteria such as P. 
syringae, the most common signal molecule is the acylated homoserine lactone (AHL) 
molecule (Li and Nair, 2012). When these compounds are found at an adequate 
concentration in the apoplast, the virulence mechanisms of bacteria are activated. 
Moreover, the pathogenesis process will be successful or not depending on the secretion 
of effectors and other virulence factors, host defence suppression and the alteration of 
the nutritional and physiological status (Melotto and Kunkel, 2013; Xin and He, 2013) 
(Fig. 2). The required conditions for disease development are high leaf humidity and 
temperatures around 15-25ºC (Silva and Lopes, 1995). Pathogens have developed 
several mechanisms to interfere with plant immunity, such as the effector delivery from 
pathogen to plant through the requirement of a type III protein secretion system (TTSS) 
(Alfano and Collmer, 1997; Galán and Collmer, 1999; Jones and Dangl, 2006; Büttner 
and He, 2009). This secretion system constitutes a multiprotein complex with a needle-
like structure that injects different types of proteins inside plant cells (McCann and 
Guttman, 2008; Block et al., 2008; Büttner and He, 2009; Xin and He, 2013). These 
proteins are called Hop proteins (from the Hrp outer proteins) and are divided into 
helper and effector proteins. The first type of protein (helper) helps the injection of the 
second type of proteins (effectors) by degrading the plant cell wall to facilitate contact 
with the plasma membrane (Hauser, 2009). Effector proteins target different plant cell 
machinery components by producing host metabolism adjustments to acquire nutrients 
(Cunnac et al., 2009). One common example of the virulence effectors produced by P. 
syringae strains to manipulate plant hormonal balance is the phytotoxin coronatine 
(COR) (Zheng et al., 2012), which also suppresses PTI and induces stomata opening (Li 
et al., 2005; Melotto et al., 2006).  





Figure 1. The development of P. syringae life cycle follows the next steps: epiphytic 
colonisation (a, b); entry into the plant mesophyll thought stomata or wounds (c, d); 
establishment and multiplication in the plant apoplast and the secretion and delivery of 
effectors through TTSS (e) and production of chlorosis and black speck disease 
symptoms (f). Source: Melotto et al. (2008).  
Plant defence mechanisms 
Plants are sessile organisms and they have developed a complex coordinated system to 
fight against different biotic and abiotic stresses. Plants have their own constitutive 
barriers which they use to cope external conditions, and have developed a sophisticated 
defence system. Constitutive or preformed physical or chemical barriers are located on 
the leaf surface (wax layer, cutin, cell wall, trichomes, bark, secondary metabolites, etc.) 
and constitute a previous step to prevent pathogen penetration in plants (McDowell and 
Dang, 2000; Thordal-Christensen, 2003; Walters, 2011; Uma and Podile, 2015). 
However, when a pathogen is able to overcome these barriers, a set of signalling 
cascades are activated leading to the induced defence (Walters, 2011) that depends on 
the pathogen nutrition and lifestyle (Walters et al., 2013). 
 Plant immune system 
When the pathogen has overcome the constitutive barriers, the next step for plants is to 
identify the pathogen-/microbe-associated molecular patterns (PAMPs/MAMPs), such 
as lipopolysaccharides, peptidoglycans, elongation factor Tu (EF-Tu) and flagellin in 
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bacteria (Zipfel et al., 2006; Gust et al., 2007; Pieterse et al., 2009), or chitin and 
xylanase in fungus (Ron and Avni, 2004; Miya et al., 2007; Wan et al., 2008). These 
molecules are recognised by plasma membrane receptors called Pattern Recognition 
Receptors (PRRs), while PAMP-triggered immunity (PTI) is activated to avoid 
pathogen activity by the alteration of the ionic flux through the plasmatic membrane, 
reactive oxygen species (ROS) and/or reactive nitrogen species (RNS) production, 
MAPKs activation, callose accumulation or pathogenesis-related proteins (PRs) 
synthesis (Dangl and Jones, 2001; Jones and Dangl, 2006; García-Brugger et al., 2006; 
Nguyen et al., 2010; Monaghan and Zipfel, 2012; Muthamilarasan and Prasad, 2013) 
(Fig. 2a). Plants also recognise and respond when faced with their own molecules, or 
with cell wall or cuticle fragments released by the action of pathogen enzymes. These 
signal molecules are called Damage-Associated Molecular Patterns (DAMPs) (Ferrari et 
al., 2007; Boller and Felix, 2009). However, pathogens can interfere with the 
recognition of PAMPs by reducing PTI efficacy, and they produce and translocate 
effectors into the plant cell to hamper plant immunity, a phenomenon known as 
effector-triggered susceptibility (ETS) (Cui et al., 2015; Andersen et al., 2018) (Fig. 
2b). Thus plants recognise pathogen effectors through resistance proteins (PR) or the 
nucleotide-binding site-leucine-rich repeat proteins (NB-LRR) synthesised in the 
endoplasmic reticulum and transported to the plasma membrane (Frescatada-Rosa et al., 
2015). These resistance proteins are specific of each plant-pathogen interaction and 
activate effector triggered immunity (ETI) (Pieterse et al., 2009; Dodds and Rathjen, 
2010; Andolfo and Ercolano, 2015) (Fig. 2c). ETI is a stronger enduring response 
accompanied by ROS or NO production as a signalling molecule to activate other 
defence mechanisms, such as the hypersensitive response (HR), which produces 
programmed cell death (PCD) around the infection site by limiting pathogen spread and 
protecting other tissues from further damage (Hammond-Kosack and Jones, 1996; Jones 
and Dangl, 2006; Rosebrock et al., 2007). Plant response to pathogen infection includes 
changes in the photosynthesis process, PR proteins synthesis, cytoskeleton organisation, 
ROS production and cell apoptosis (Kumudini et al., 2018). 





Figure 2. A schematic overview of plant immunity responses. (a) Upon pathogen attack, 
PAMPs activate PRRs in the plant by producing a downstream cascade that leads to PTI. 
(b) Virulent pathogens have acquired effectors (purple stars) to suppress PTI that result in 
ETS. (c) So plants have acquired resistance proteins that recognise these pathogen-
specific effectors, which results in a secondary immune response called ETI. (Adapted 
from Pieterse et al., 2009). 
On the other hand, several authors have revealed the role of primary metabolism in 
plant-pathogen interactions, which changes depending on the type of pathogen (Scharte 
et al., 2005; Rolland et al., 2006; López-Gresa et al., 2010; Duan et al., 2013), but 
further studies are required. Primary metabolism supports the cellular energy 
requirements for the plant defence response by inducing respiratory activity, among 
others (Bolton, 2009; Kangasjarvi et al., 2012; Rojas et al., 2014). Sugar signalling is 
produced by photosynthesis and C metabolism, and causes the feedback regulation of 
primary metabolism against pathogen attack (Scharte et al., 2005; Rolland et al., 2006). 
It is known that glucose, fructose and sucrose are the main C sources in leaves, followed 
by organic acids and amino acids (Lindow and Brandl, 2003; Vorholt, 2012). Plant 
could reprogrammed primary metabolism depending on the environmental stresses, 
since amino acid biosynthesis requires C skeletons from TCA cycle (Temple et al., 
1998; Corzzi and Last et al., 2000) and also several amino acids could be metabolized 
into TCA intermediates (Miflin and Habash, 2002). Moreover, it has been described that 
amino acid metabolism is the key point for the biosynthesis of protective plant natural 
(a) (b) (c) 
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compounds, having a role in plant immune mechanisms (Návarová et al., 2012; Kim et 
al., 2013).  
 Induced resistance  
Induced resistance is described as “a physiological state of enhanced defensive capacity 
elicited by specific environmental stimuli, whereby the plant’s innate defences are 
potentiated against subsequent biotic challenges” (Vallad and Goodman, 2004). In this 
way, after stress has been recognised, besides the local response the plant is able to 
induce defensive responses in systemic tissues by protecting the parts that are still not 
exposed to damage. In the last years, it has been demonstrated that this enhanced 
physiological status can also be induced by mild stress, the application of natural and 
chemical compounds or beneficial microbes, mycorrhiza and endophytes (Pieterse et 
al., 2000; van Wees et al., 2008; Jung et al., 2012; Bastias et al., 2017; Llorens et al., 
2017).  
Depending on the stimuli that induce the systemic response in plants, induced resistance 
has been described as systemic acquired resistance (SAR), induced systemic resistance 
(ISR) and systemic acquired acclimation (SAA) (Glazebrook, 2005; Mittler and 
Blumwald, 2015). SAR and ISR are induced against biotic stresses, and SAA is 
activated in response to abiotic stimuli.  
- Systemic Acquired Resistance, Induced Systemic Resistance, and Systemic Acquired 
Acclimation 
SAR is characterised by its broad spectrum against pathogens and durability over both 
time and generations. This systemic resistance is associated with an increase in salicylic 
acid (SA) (Vallad and Goodman, 2004). The SAR response is initiated in infected 
tissues as a mobile signal is produced and then transferred to uninfected areas. The 
signalling transport from infected tissues to the distal and unchalleged ones is produced 
through the vascular system, especially by the phloem (Shah et al., 2014). Long-
distance signalling is carried out by mobile compounds like methyl salicylate (MeSA), 
dehydroabietinal, azelaic acid, pipecolic acid or a glycerol-3-phosphate-derived 
molecule (Park et al., 2007; Chanda et al., 2011; Chatuverdi et al., 2012; Wang et al., 
2014; Shan and He, 2018). This systemic resistance can be activated in the plant by the 
attack of biotrophic pathogens or by the treatment with chemical or natural compounds 




such as benzo(1,2,3)-thiadiazole-7-carbothioic acid S-methyl-ester [benzothiadiazole 
(BTH); acibenzolar-S-methyl (ASM)] or methyl salicylate, respectively (Conrath, 2009) 
(Table 2). 
SA is a small phenolic molecule synthesised from either phenylalanine ammonia lyase 
(PAL) or isochorismate synthase (ICS/SID2) (Garcion and Métraux, 2006). It plays an 
important role in plant resistance against biotic stress due to its role in induced 
resistance activation, HR or SAR induction (Loake and Grant, 2007; Vlot et al., 2009), 
and SA exogenous application induces resistance in several crops (Malamy and Kleesig, 
1992). An increase in an endogenous SA concentration induced by pathogen presence 
produces several changes in the plant redox status that lead to important signalling 
processes, such as the activation of PR genes like PR1, and a decrease in the non-
expressor of the PR Genes1 (NPR1) protein (Durrant and Dong, 2004; Spoel et al., 
2009). Then NPR1 controls SA signalling downstream and acts as a transcriptional 
coactivator of several defence-related genes (Moore et al., 2011), such as PR genes, 
which are considered SA-inducible gene expression markers.  
The induction of ISR constitutes a physiological state of the enhanced defensive 
capacity produced by environmental stimuli through which innate defences are 
enhanced against subsequent biotic stresses by relying on jasmonic acid (JA) and 
ethylene (ET) pathways (Choudhary et al., 2007). It produces protection against 
different non-pathogenic organisms, pathogen attack or treatments with chemical and 
natural compounds (Zeller, 2006; van der Ent et al., 2009; Pieterse et al., 2014).  
JA is a lipid-derived compound that is synthesised through the oxylipins pathway 
(Gfeller et al., 2010). It could be metabolised to methyl jasmonate (MeJA) or 
conjugated to amino acids, such as isoleucine, to obtain jasmonoyl-isoleucine (JA-Ile) 
(Seo et al., 2001; Fonseca et al., 2009). JA regulates the induction of several defence 
genes through the interaction with F-box protein Coronatine Insensitive1 (COI1), which 
leads to the degradation of Jasmonate Zim (JAZ) repressor proteins via the proteasome, 
and also to the release of transcription factors like MYC2 or ERF1, which modify 
defence gene expression (Staswick, 2008; Fonseca et al., 2009; Koo and Howe, 2009; 
Pauwels and Goossens, 2011). However, there is complex crosstalk between SA and JA 
signalling pathways (Gimenez-Ibanez and Solano, 2013), which is especially consistent 
in mutual synergistic effects (Mur et al., 2006; Koorneef et al., 2008), and ET can 
crosstalk with both pathways (Verma et al., 2016). Other hormones, such as cytokinins, 
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auxins, ABA, gibberellins or brassinoesteroids, have been described for their function in 
the response to plant stresses (Bari and Jones, 2009). 
SAA is described as systemic acquired acclimation induced by abiotic stress in non-
challenged tissues (Mittler and Blumwald, 2015). Despite the mechanism of SAA not 
being fully described, several studies have suggested that SAA against heat, cold, UV, 
osmotic stress, salinity and high light stress includes the activation of a ROS wave 
(Mittler et al., 2011; Karpinski et al., 2013; Suzuki et al., 2013) (Table 2). For instance, 
it has been reported that a ROS wave is required for SAA activation in response to local 
stimuli, including heat or excess light (Suzuki et al., 2013; Zandalinas et al., 2018). 
ROS play an important role in plant defence against different pathogens and the excess 
of ROS production (superoxide, hydrogen peroxide and hydroxyl radicals) produces the 
so-called oxidative burst, one of the primary stress responses. On the other hand, ROS 
species are toxic compounds, so they have to be detoxified through the plant antioxidant 
machinery (Bhardwaj et al., 2013). Apart from the ROS wave, other factors have been 
described as mediators of the SAA response, such as calcium waves, electric signals and 
hormones (Mittler and Blumwald, 2015; Choi et al., 2017), and these results have been 
confirmed through the accumulation of transcripts, proteins or enhanced levels of 
tolerance or resistance to later stress (Karpinski et al., 2013; Shah and Zeier, 2013). It 
has been demonstrated that wounding increases salt stress tolerance in tomato mediated 
by systemin, JA synthesis and cadmodulin-like activity (Capiati et al., 2006). 
Nevertheless, studies have suggested that plants with induced SAA pathways to abiotic 
stimuli can respond better against later biotic stress. For example, Achuo et al. (2006) 
have shown that drought stress results in enhanced ABA and reduced Botrytis cinerea 
infection, and also in the suppression of Oidium neolycopersici in tomato; 
Arasimowicsz-Jelonek et al. (2014) have revealed that the enhanced defence responses 
observed in susceptible potato cultivars under aluminium (Al) stress in roots correlate 
with a reduction in disease symptoms after leaf inoculation with Phytophthora 
infestans; and Fernández-Crespo et al. (2015) have reported that NH4
+
 nutrition leads to 
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- Induction of resistance 
To enhance plant immunity inducers of resistance are also used, these compounds 
confer plant protection against pathogen attack by inducing plant defence mechanisms. 
Table 3 shows several examples of resistance inducers used in Solanaceae plants 
against different pathogens with different lifestyles.  
Table 3. Examples of inducers of resistance in Solanaceae plants (Adapted from 
Alexandersson et al., 2016). 
Compound Plant Pathogen Reference 




virus Y-vein necrosis strain 
(PVY(N)) 
Li et al. (2009) 
β-Aminobutyric acid 
(BABA) 
Pepper Phytophthora capsici Lee et al. (2000) 
Tomato Clavibacter michiganensis 
Hassan and Buchenauer 
(2008) 





methyl ester (BTH) 
Tomato Botrytis cinerea Mehari et al. (2015) 
Hexanoic acid 
Tomato Pseudomonas syringae Scalschi et al. (2013) 
Tomato Botrytis cinerea Vicedo et al. (2009) 
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Table 3 (cont). Examples of inducers of resistance in Solanaceae plants (Adapted 
from Alexandersson et al., 2016). 
Compound Plant Pathogen Reference 
Indole-3-acetic acid 
(IAA) 




Tobacco Tobacco mosaic virus Király et al. (2012) 
Tomato Oidium neolycopersici Llorens et al. (2016) 
Traditionally, inorganic formulations of copper such as Cu hydroxide or Cu sulphate 
have been used in agriculture in large amounts as a pesticide (www.mapa.gob.es) or as 
inducer of resistance (Table 3). This compound is a heavy metal and it could be 
bioaccumulated in plants and leached into the groundwater producing environmental 
and health problems. Nowadays, its use is limited in agriculture and other alternative 
formulations could be the application of Cu in complexing compounds, which are 
characterized by its easy absorption and diffusion in plants. In this way, the applied Cu 
concentration to plants could be reduced, together with the reduction of the pollution.  
In the search of new natural compounds as inducer of resistance, hexanoic acid has been 
one of the proposed in the last decade (Table 3). This compound acts as an inducer of 
plant defenses by means of a priming mechanism against pathogens with different 
lifestyles (Vicedo et al., 2009; Llorens et al., 2013; Scalschi et al., 2013).  Priming is 
described as the exposure to certain stimuli that can induce a stress memory which is 
persistent and prepare the plant for better and faster response in later events. It is 
characterized by a lag phase that separates the priming activation from the second later 
stress, without physiological costs (Conrath et al., 2006; Jung et al., 2009; Martínez-
Medina et al., 2016) and it could be maintained to the next generations through 
epigenetic changes (Luna et al., 2012; Luna, 2016).   
Camañes et al. (2015) studied the metabolome of tomato plants treated with the 
hexanoic acid and infected with the pathogens P. syringae or B. cinerea. They showed 
an increase of 33-fold of 1-MT metabolite in P. syringae infected compared to control 
tomato plants. Moreover, these authors have also demonstrated that the root application 
of 1-MT significantly reduces the infection of both pathogens but the resistance 
mechanisms in this interaction were still lacking. In addition, in recent years, other 
tryptophan derivates have emerged as relevant defence mechanisms, which have 




conferred resistance to the necrotrophic fungus Plectosphaerella cucumerina in 
Arabidopsis thaliana (Sánchez-Vallet et al. 2010, Gamir et al. 2012).  
NH4
+
 nutrition as a mild abiotic stress to acclimate plants 
Apart from the environmental pollution due to pesticides, the use of excesive fertilizer 
constitutes another pollution cause. NH4
+
-based fertilizers are a less environmentally 
harmful compared to NO3
-
 fertilization due to the decrease of NO3
-
 leaching and nitrous 
oxide emissions. NH4
+
 nutrition produces a mild toxicity known as ammonium 
syndrome that depends on NH4
+
 concentration and crop species (Domínguez-Valdivia et 
al., 2008; Cruz et al., 2011). Thus, this mild toxicity induces different symptoms such 
as leaf chlorosis, biomass reduction, ionic imbalances, acidification of the rhizosphere 
and changes in root architecture, among others (Britto and Kronzucker, 2002; Esteban et 
al., 2016; da Silva et al., 2016; Liu and von Wirén, 2017; Xuan et al., 2017). Moreover, 
NH4
+
 is considered a primary stimulus that increases stress resistance or tolerance to 
later stress through the induction of acclimation responses (Fernández-Crespo et al., 
2012; Fernández-Crespo et al., 2015). Firstly, as aforementioned, NH4
+
 nutrition 
confers resistance against Pseudomonas syringae by enhancing H2O2 accumulation, 
acting as a signal and activating SAA mediated by ABA and Put. Put is a polyamine 
that could be synthetized by two different paths, from Arg via Arginine Decarboxylase 
(ADC) or from Orn via Ornithine Decarboxylase (ODC). Polyamines play a role in 
several physiological processes (Couée et al., 2004; Liu et al., 2015) and in plant 
defence against abiotic or biotic stresses (Walters, 2003; Pang et al., 2007; Hussain et 
al., 2011; Fernández-Crespo et al., 2015). Secondly, it has been already described that 
NH4
+
 induces stress-induced morphogenic response (SIMR) in Carrizo plants 
(Fernández-Crespo et al., 2014). SIMR was decribed as a general acclimation strategy 
characterised by cell division blocking, reduced elongation and the redirected outgrowth 
of lateral roots induced by a plant exposure to mild chronic stress (Potters et al., 2007; 
2009). Moreover, the abundance of N compounds in soil fluctuates and can affect 
different plant processes, such as root architecture, leaf development or flowering 
(Walch-Liu et al., 2000; Nacry et al., 2013; Guilbaud et al., 2014). Thus plants have to 
organise their development and growth rate in response to environmental cues, since 
roots are responsible for the uptake of water and nutrients, apart from plant anchorage 
and biomolecule storage (Marschner, 2012). It has already been shown that root 
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development is strongly affected by nutrient and water availability, soil density, salinity, 
temperature and drought (Mansoorkhani et al., 2014; Julkowska et al., 2014; 
Senthilkumar et al., 2017), this root adaptation is called root plasticity. External and 
internal nutrient status plays a role in several root processes, such as primary root (PR) 
growth or lateral root (LR) formation (Mansoorkhani et al., 2014). Thus the root 
architecture is modulated by not only local nutrient availability, but also by the internal 
nutrient status, which respectively gives way to local or systemic signalling (Fig. 3) 
(Giehl et al., 2014). Moreover, it is known that root growth processes are orchestrated 
by the regulation of several plant hormones that are transported along the plant, such as 
auxin, ABA, cytokinin, gibberellins or ethylene, and other hormones such as 
brassinosteroids, JA, SA, NO or strigolactones (Santner et al., 2009; Santner and 
Estelle, 2009).  
 
Figure 3. Overview of the main effects of nutrients on root system development in 
relation to their availability for plants (ELS: external local supply; IS: internal status). 
Moreover, the sensing and signalling of N compounds give rise to changes in gene 




: ammonium; B: boron; Fe: 
iron; Mg: magnesium; Mn: manganese; P: phosphorus. Adapted from: Giehl et al. (2014) 
and Vidal and Gutiérrez (2008). 
Based on the background and interest of the Biochemistry and Biotechnology research 
group (Universitat Jaume I) in the search for resistance inducers against biotic and 
abiotic stresses that not suppose any risk for the environment, we proposed the next 




approaches. One of them was the use of complex compounds with copper, since Cu was 
traditionally used in agriculture and it is very effectively against pathogens. However, 
this compound causes several environmental risks when it is supplied in large amounts. 
Thus, we proposed to study the action mechanisms of Cu heptagluconate against P. 
syringae in tomato plants due to its efficacy as pesticide together with the interest of 
Idai Nature S.L. Company to test green compounds with Cu formulations. 
To go deeper into the search of natural compounds against pathogens and based on 
previous results in the study of hexanoic acid treated plants metabolome that showed an 
accumulation of 1-MT metabolite in tomato plants infected with P. syringae, led us to 
study the effect of this compound in induced resistance. Moreover, a reduction of 
disease severity in tomato plants treated with this compound against P. syringae and B. 
cinerea was also observed by Camañes et al. (2015). Thus, we proposed to elucidate 
how 1-MT action mechanisms in treated and infected plants against P. syringae and 
study if it has a direct antimicrobial effect on the pathogen.  
At last, previous works of the research group have shown that NH4
+
 nutrition causes 
“ammonium syndrome” inducing different metabolic changes and thereby provide 
resistance against Pseudomonas syringae infection through the activation of SAA 
mediated by ABA and Put (Fernández-Crespo et al., 2015), we focused our attention in 
this compound. Hence, we proposed to study the mechanisms underlying the SAA 
mediated by NH4
+
, the changes in nutrient balance, C and N skeletons and their 
implication in the resistance against P. syringae. Moreover, the previous knowledge 
point to indicate that Put could be involved in induced resistance, thus we proposed to 
silence the Put synthesis pathways (ADC and ODC) in tomato plants in order to confirm 
the Put role against P. syringae.  
At the same time, it was proposed to characterize the NH4
+
 nutrition effect in root 
development to elucidate how the N source affects to root development and N 
assimilation at transcriptional levels in tomato seedlings. Moreover, we investigated 
whether ABA plays any role in N-dependent root development. On the other hand, we 
have hypothesized that exogenous C compounds addition (Gluc or 2-OG) to NH4
+
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In order to propose new alternatives to reduce the use of pesticides, and to study in 
depth the mechanisms of induced resistance based on treatments with Cu 
heptagluconate, 1-methyltryptophan (1-MT) and the NH4
+
 in the tomato-P. syringae 
pathosystem model, the following objectives were set out: 
1. Proposal of a new formulation based on the combination of heptagluconic acid with 
copper as an inducer of resistance against P. syringae. 
2. The study of the mode of action and the modifications in the apoplastic content 
produced by 1-MT to go in-depth into the resistance mechanisms against P. syringae 
and to check their possible direct effect on the bacteria. 
3. The analysis of the NH4
+
 effect on the nutritional balance and the primary 
metabolism in the pathosystem model. 
4. The generation of transgenic silenced plants in the two putrescine biosynthesis 
pathways (ADC and ODC) in an independent manner to study their response in the 
induced resistance against P. syringae. At the same time, the cellular localisation of 
proteins SlADC and SlODC will be studied.  
5.  The study of how N sources can affect the root growth parameters and the expression 
of the genes involved in auxin transport and N assimilation. Moreover, we propose to 
study whether the addition of carbon sources can mitigate mild NH4
+
 toxicity, and if 



















Con el fin de proponer nuevas formulaciones alternativas para reducir el uso de 
pesticidas y, profundizar en el estudio de los mecanismos de resistencia inducida 
basados en los tratamientos con heptagluconato de Cu, 1-metiltriptófano (1-MT) y el 
NH4
+
 en el patosistema modelo tomate-P. syringae, se plantearon los siguientes 
objetivos: 
1. Propuesta de una nueva formulación basada en la combinación del ácido 
heptaglucónico con cobre, como inductor de resistencia frente a P. syringae.  
2. Estudio del modo de acción del 1-MT y de los cambios producidos por éste en el 
contenido del apoplasto para profundizar en el conocimiento del mecanismo de 
resistencia frente a P. syringae y, testar su posible efecto directo sobre la bacteria.  
3. Análisis del efecto del NH4
+
 sobre el balance nutricional y el metabolismo primario 
en el patosistema modelo.  
4. Generación de plantas silenciadas en las dos rutas de biosíntesis de la putrescina 
(ADC y ODC) de forma independiente para ver su respuesta en la resistencia 
inducida frente a P. syringae. Al mismo tiempo, se estudiará la localización celular 
de las proteínas SlADC y SlODC. 
5. Estudio de cómo la fuente de N puede afectar a los parámetros de crecimiento de la 
raíz y sobre la expresión de genes implicados en el transporte de auxinas y 
asimilación de N. Asimismo, se estudiará si la adición de fuentes de carbono puede 
mitigar la toxicidad del NH4
+
 y se determinará si el ABA puede jugar un papel en el 
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Plan de trabajo y metodología 
PLAN DE TRABAJO 
Material vegetal  
Para llevar a cabo este trabajo, se han utilizado plantas de tomate (Solanum 
lycopersicum Milll.) cv. Ailsa Craig en todos los experimentos, excepto para el 
silenciamiento de los genes ADC y ODC que se han utilizado plantas de tomate cv. 
Moneymaker debido a que la transformación en este cultivar es más eficiente. Para la 
sobreexpresión transitoria de los genes ADC y ODC donde se han utilizado plantas de 
Nicotiana benthamiana. Además, para los experimentos de desarrollo de raíz, se ha 
utilizado el mutante flacca (background Ailsa Craig). Todas las plantas fueron crecidas 
en cámara de cultivo en condiciones controladas de temperatura (26/18 ºC día/noche), 






El principal patógeno utilizado en este trabajo ha sido Pseudomonas syringae pv. 
tomato DC3000. Además, para los experimentos de localización de la bacteria en hoja 
de tomate de plantas tratadas con 1-MT se utilizó P. syringae 775EGFP (DC3000 
marcada con GFP). Las bacterias se crecieron en medio King B líquido a 28ºC en 
oscuridad. Para la inoculación, la tercera y cuarta hoja fueron sumergidas en la solución 
bacteriana de 5·10
5
 unidades formadoras de colonias (ufc) por mL en MgSO4 10 mM y 
Silwet-L77 0,01%. El daño causado por la bacteria se cuantificó a 72 horas después de 
la infección mediante el conteo de ufc y por síntomas visuales determinando el 
porcentaje de hoja infectada. 
Tratamientos aplicados 
Los tratamientos se han aplicado siguiendo el siguiente plan de trabajo: 
1. Aplicación del compuesto heptagluconato de cobre: plantas de tomate cv. Ailsa 
Craig de cuatro semanas de edad fueron tratadas con heptagluconato de cobre (IDAI 
Cobre) proporcionada por la empresa Idai Nature S.L. (La Pobla de Vallbona, 
Valencia, España). La concentración que se aplicó fue la recomendada por la 
empresa para su uso en campo (6 ml/l). El tratamiento preventivo fue aplicado vía 
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radicular por riego con 20 ml de la solución por planta 72 horas antes de la 
inoculación y el tratamiento curativo fue aplicado por riego con 20 ml de la solución 
o por spray con 5 ml de la solución por planta 24 horas después de la infección. 
(Método descrito en el Capítulo 1) 
2. Aplicación del compuesto 1-MT: plantas de tomate cv. Ailsa Craig de cuatro 
semanas de edad fueron tratadas vía radicular 72 horas antes de la infección con 20 
ml de 1-MT (5 mM) a pH=6 disuelto en solución Hoagland. (Método descrito en el 
Capítulo 2) 
3. Tratamiento con NH4
+
: una vez germinadas las semillas, las plantas de tomate cv. 
Ailsa Craig fueron regadas durante tres semanas con solución Hoagland carente de 
N y suplementada con distintas fuentes de N. Las plantas control se regaron con la 
solución 10 mM de N en forma de KNO3 o de (NH4)2SO4 como única fuente de N. 
En la solución de NH4
+





 y la sal sódica MES como solución tampón. (Métodos descritos en los 
Capítulos 3 y 4) 









semillas de tomate cv. Ailsa y el mutante flacca fueron germinadas en placas con 
agar en oscuridad durante 72 h. A continuación, las semillas germinadas se 
traspasaron a placas con medio nutritivo con las diferentes fuentes de nitrógeno y 
carbono. El nitrógeno fue aplicado como NO3
-
 en forma de KNO3 y Ca(NO3)2 para 
las plantas tratadas con NO3
-
 o como NH4
+
 en forma de (NH4)2SO4. En el 
tratamiento con NH4
+
 y en las proporciones, el K y el Ca fueron suplementados en 
forma de K2SO4 y CaSO4. En los tratamientos con las proporciones 2:2 y 1:3, el N 
fue suministrado en forma de KNO3 y (NH4)2SO4 y suplementado con CaSO4 y 
K2SO4. Además, la sal sódica MES fue añadida en todos los tratamientos con el fin 
de mantener el pH, el cual fue ajustado a 5.8-6.0. Por otra parte, diferentes fuentes 
de C fueron adicionadas en concentraciones fisiológicas al tratamiento NH4
+
 10 mM 
en forma de glucosa al 1% (NH4
+
+ Gluc) o 2-oxoglutarato al 0,004 % (NH4
+
+ 2-
OG). (Método descrito en el Capítulo 5) 
 
 




1. Determinación y cuantificación de H2O2 
Se tomaron muestras de hojas para la tinción con 3′,3-diaminobenzidina (DAB) a las 48 
horas después de la infección siguiendo el procedimiento descrito por Fernández-Crespo 
et al. (2015). (Método descrito en el Capítulo 1) 
2. Análisis de hormonas, aminoácidos y azúcares 
El análisis de hormonas se llevó a cabo mediante HPLC-MS y la cuantificación con la 
ayuda del programa MASSLYNX, según lo descrito por Llorens et al. (2016). (Método 
descrito en los Capítulos 1 y 2) 
El análisis de aminoácidos se llevó a cabo por dos métodos, UPLC-MS sin derivatizar 
(método descrito en el Capítulo 2) y, otro por derivatización siguiendo el procedimiento 
indicado por Hilo et al. (2017). (Método descrito en el Capítulo 3) 
El análisis de azúcares fue llevado a cabo siguiendo el procedimiento de Cebolla-
Cornejo et al. (2012) y de Hilo et al. (2017). (Métodos descritos en los Capítulos 2 y 3, 
respectivamente) 
3. Análisis de ácidos orgánicos 
La cuantificación de estos metabolitos se llevó a cabo mediante cromatografía iónica-
MS según lo descrito por Ghaffari et al. (2016). (Método descrito en el Capítulo 3) 
4. Análisis de nutrientes 
Para determinar la concentración de nutrientes, las muestras fueron digeridas con ácido 
nítrico en un ultraclave. Posteriormente, fueron diluidas en H2O mQ y se realizó un 
análisis con la técnica de espectroscopía de emisión óptica de plasma acoplado 
inductivamente  (ICP-OES). (Método descrito en el Capítulo 3) 
5. Análisis de expresión génica 
Esta técnica se utilizó para analizar la expresión de los trascritos de los genes 
seleccionados. Para ello, se extrae el RNA mensajero total de las muestras, se 
retrotranscribe a cDNA (retrotranscripción) y posteriormente se amplifica con la ayuda 
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de los primers específicos por qPCR. El protocolo seguido ha sido el descrito por 
Scalschi et al. (2014). (Métodos descritos en los Capítulos 2, 4 y 5) 
6. Extracción de apoplasto 
La extracción de los compuestos presentes en el apoplasto, se llevó a cabo 48 horas 
después de la inoculación siguiendo el método descrito por O’Leary et al. (2014). 
(Método descrito en el Capítulo 2) 
7. Cuantificación de la apertura estomática 
La epidermis adaxial de las hojas muestreadas se puso en contacto con una resina dental 
según lo descrito por Delgado et al. (2011). El análisis de la apertura estomática fue 
llevado a cabo según lo descrito por Scalschi et al. (2013). (Método descrito en el 
Capítulo 2) 
8. Transformación estable en plantas de tomate 
Para iniciar el procedimiento, se diseñaron los primers adecuados para silenciar las rutas 
de la síntesis de putrescina (ADC y ODC). Se amplificaron las secuencias de interés 
ADC u ODC y, posteriormente, el fragmento amplificado fue introducido en el vector 
intermedio pDNOR207 y finalmente en el pBIN19, vector final transferido a 
Agrobacterium tumefaciens LBA4404. El Agrobacterium fue precultivado para infectar 
los cotiledones. Una vez inoculados, los cotiledones fueron transferidos a un medio de 
cocultivo durante dos días con el objetivo de facilitar la transformación. Transcurrido 
ese periodo de tiempo, los cotiledones fueron lavados y transferidos a un medio no 
selectivo sin kanamicina (- kan) y, posteriormente, a un medio selectivo con kanamicina 
(+ kan). Una vez que las plántulas seleccionadas y originadas a partir de un callo, 
alcanzaron un tamaño de aproximadamente dos centímetros, fueron transferidas a medio 
de enraizamiento. Una vez crecida la raíz, se dispusieron en maceta en cámara de 
cultivo y, transcurridos quince días aproximadamente, se llevaron al invernadero para la 
obtención de semillas de la primera generación (T1) (Scalschi et al., 2014). (Método 
descrito en el Capítulo 4) 
9. Transformación transitoria en plantas de Nicotiana benthamiana 
Para iniciar el procedimiento, se diseñaron los primers adecuados para amplificar las 
secuencias completas de los genes ADC u ODC. Posteriormente, el fragmento 
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amplificado fue introducido en el vector intermedio pDNOR207 y finalmente en el 
pEarleyGate 101, vector final transferido a Agrobacterium tumefaciens LBA4404. Una 
vez insertada la secuencia de interés (ADC u ODC) en el plásmido pEarleyGate 101 en 
Agrobacterium tumefaciens LBA4404, se estableció un precultivo de dichas bacterias 
que contienen las construcciones de interés de forma independiente y otro con el p19, 
un supresor de silenciamiento del gen. Una vez alcanzada una densidad óptica (λ=600 
nm) de 0.3-0.6, la solución que contiene las células bacterianas se centrifugó a 5000 
rpm y el precipitado fue resuspendido en una solución de MgCl2 y MES hasta ajustarlo 
una DO de 0.3. Se indujeron los genes vir con la adición de acetosiringona y se 
procedió a infiltrar las hojas con ayuda de una jeringa. Tres días después, las plantas 
agroinfiltradas fueron observadas por microscopia confocal con el fin de observar la 
localización de las proteínas ADC y ODC. (Método descrito en el Capítulo 4) 
10. Análisis estadístico 
Los experimentos realizados en todos los capítulos, se repitieron al menos tres veces y 
cada réplica constaba de, al menos, 8 plantas. Los resultados de las distintas réplicas 
fueron analizados de forma conjunta a través de un análisis de varianza ANOVA 
(P>0,05) o por el test LSD de Fisher (P≥0,05). El procesado de los datos se realizó con 
el programa estadístico Statgraphics Centurion XVI.  
Los heatmaps fueron generados por transformación logarítmica usando el paquete de 
gplots del software estadístico R (versión 3.4.3). (Método descrito en el Capítulo 2) 
El análisis de componentes principales (PCA) se realizó con el software MetaboAnalyst 
3.0 software. Los resultados fueron normalizados por mediana, transformados por raíz 
cúbica, distribuidas por el método de Pareto y procesados con un análisis multivariante 
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Phytopathogenic problems caused by the bacterial pathogen Pseudomonas syringae in 
tomato have been becoming more serious by the emergence of resistant strains to 
classical pesticides. This situation has propelled the research for new formulations with 
lower environmental problems. One of the most promising alternatives to the use of 
classical pesticides is the induction of natural plant defences. New formulations based 
on Cu complexed with heptagluconic acid are able to induce plant innate defences 
which could be an alternative to the classical treatments based on inorganic Cu against 
bacterial speck. In order to study the efficacy of this compound in tomato against P. 
syringae, we tested its systemic effect applied the treatments via radicular and infected 
tomato leaves. Treated plants showed lower infection development and lower number of 
viable bacteria in leaves. We also observed better performance in parameters involved 
in plant resistance such as antioxidant response and accumulation of phenolic 
compounds. Thus, results showed that soil drench applications can be highly effective 
for the prevention and control of bacterial speck in tomato plants, showing a reduction 
of symptoms around 50%. Moreover, the application of Cu heptagluconate induced 
accumulation of plant polyphenols caffeic and chlorogenic acids and reduced the 
amount of ROS in infected plants. 
KEYWORDS: Copper heptagluconate, induced resistance, Pseudomonas syringae, 
Solanum lycopersicum 
INTRODUCTION 
Pseudomonas syringae is a hemibiotrophic pathogen with a high degree of 
specialization and host specificity. According to that specificity, the different P. 
syringae strains have been classified in pathovars (pv.) which only can infect a certain 
number of plant species or a certain plant species (Xin and He, 2013). P. syringae pv. 
tomato (Okabe, 1933) Young, Dye and Wilkie, 1978 is considered as one of the most 
devastating pathogens of tomato plants (Solanum lycopersicum L.) over the world. This 
pathogen causes lesions on the stems, as well as on the petioles and fruits, which could 
reduce the production of the plant by 60%. The typical symptoms are black necrotic 
specks surrounded by a yellow halo. The bacteria are able to survive on the plant leaf in 
an epiphytic lifestyle and enter into the apoplastic space through natural openings or 




homoserine lactone (AHL) will induce the expression of virulence factors and 
secondary metabolites that mediate colonization of the host. This coordinated 
expression of virulence factors depending on the population density is known as 
quorum-sensing (QS) (Scalschi et al., 2014). As a hemibiotrophic pathogen, P. syringae 
can multiply very fast in a susceptible host under favorable conditions. However, this 
initial multiplication occurs in the apoplast, with the absence of apparent plant cell 
death. At the later stage of pathogenesis, plant cells die and infected tissues show 
necrotic spots (Xin and He, 2013). Despite the large number of investigations about the 
pathogenicity of P. syringae (Xin and He, 2013; Bashan and De-Bashan, 2002), disease 
control is still based on preventive chemical spray applications. Nowadays, around 100 
compounds including strains of non-pathogenic bacteria, plant extracts, essential oils, 
antibiotics, etc. have been tested to control bacterial diseases. However, only 20 of them 
have been tested against P. syringae (McLeod et al., 2017). But, these alternative 
compounds are not generalized or allowed in crop protection reducing the number of 
available compounds mainly to inorganic formulations of copper (Cu), such as Cu-
hydroxide or Cu-sulphate, or a mixture of Cu-based and ethylene bis-dithiocarbamates 
(EBDC; commonly called mancozeb or maneb) (magrama.gob.es). In addition, resistant 
commercial tomato cultivars to P. syringae have not been obtained yet (McLeod et al., 
2017). 
On the other hand, the generalized use of Cu-based compounds has lead the appearance 
of Cu resistant strains that reduced dramatically the effectiveness of classical treatments 
(Griffin et al., 2017). Moreover, the use of combinations of Cu-based compounds with 
EBDC are restricted to the pre-harvesting period since it can last for up to eight weeks 
in tomato crops. Additionally, there are many environmental concerns about the 
accumulation of both Cu and EBDC in the soil. The extensive use of Cu-based 
fungicides is widely spread in agriculture reporting contamination not only in tomato 
fields but also in hop fields, apple and especially in vineyards (Schramel et al., 2000; 
Komárek et al., 2010). In order to avoid these environmental problems, there is an 
increasing interest in developing compounds able to induce the plant natural defences as 
a potential alternative to chemicals. Likewise, it has been demonstrated that the 
application of some natural and chemical compounds induces a plant innate resistance 
that, usually, is enough to overcome the stress and survive (Scalschi et al., 2013; 
Llorens et al., 2015). Moreover, some resistant inducers showed a persistent effect up to 
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several months, which can contribute to reduce the amount of residues in the vegetables 
and fruits (Llorens et al., 2017; Llorens et al., 2015).  
The study of new compounds based on organic formulations of Cu and its double effect 
as an inductor of the plant innate defences would provide a valuable alternative to 
farmers to control pathogens such as P. syringae. Cu heptagluconate is a compound 
characterized by the great Cu absorption and diffusion over the plant, and it is safer for 
the environment compared with others traditional inorganic Cu-based fungicides (Zhang 
et al., 2013). Nevertheless, biochemical studies elucidating the mechanism of action of 
Cu-heptagluconate against P. syringae, and its compatibility and lack of phytotoxicity 
in tomato have not been performed yet. Therefore, the main goal of this study was to 
elucidate the efficacy of Cu enhancing the plant immune system in tomato against P. 
syringae. For this purpose, the pathosystem P. syringae vs. tomato was set up as a 
model to study the biochemistry and physiology of plant-microbe-Cu heptagluconate 
interaction. In order to know the mechanism of action of the treatment, infection 
development, physiological parameters, and several parameters enrolled in plant 
immune system were monitored. 
MATERIAL AND METHODS 
Plant material and growth chamber conditions 
Tomato seeds of Solanum lycopersicum cv. Ailsa Craig were sowed in individual plastic 
pots (100 ml) filled with Sphagnum peat as substrate (Jiffy products, Kristiansand, 
Norway) and maintained in distilled water until the firsts true leaves were developed. 
Subsequently, seedlings were irrigated with Hoagland`s solution (Hoagland and Arnold, 
1950). They were grown and pre-conditioned under growth chamber conditions at 
temperatures ranging from 18 to 26°C with a 16/8 h day/night photoperiod and 60% 
relative humidity (RH). Four-week old tomato plants were used for the experiments 
performed in this study. When the experiments were conducted, plants were placed in 
humid chambers (plastic containers, 59 × 40 × 35 cm, 80% RH), maintained in the 
growth chamber, and irrigated with Hoagland`s solution until the end of the experiment. 
The experiments were conducted in the growth chamber of the Department of 





Bacterial strain and inoculum preparation 
The P. syringae strain DC3000, rifampicin resistant (Cuppels, 1986) was used in this 
study. The bacterial strain was grown in King B medium (KB) (King et al., 1954) with 
rifampicin added (50 mg ml
-1
; Sigma Aldrich, San Luis, MO, USA) at 28ºC in darkness 
for 24 h. The bacterial suspension used for leaves inoculation was obtained from this 
culture, by resuspending the bacteria in sterile MgSO4 (10 mM) solution containing 
0.01% of the surfactant Silwet L-77 (Osi Specialties, Danbury, CT, USA) and adjusted 
to 5 × 10
5 
 colony-forming units (cfu) ml
-1
 using spectrophotometer (Fernández-Crespo 
et al., 2015). 
Effect of Cu heptagluconate on plant growth and plant immune system 
Copper heptagluconate, treatments, and bacterial inoculation 
Liquid Cu heptagluconate (Cu 6.0% p/p = 8.22% p/v, IDAI Cobre) was provided by the 
company Idai Nature S.L. (La Pobla de Vallbona, Valencia, Spain). 
Applications of Cu heptagluconate were performed when seedlings were at three-four 
true leaf stage (four-week old tomato plants) with a solution at 6 ml l
-1
 as recommended 
by the manufacturer for field applications. Preventive treatments were performed by 
irrigating 20 ml of the solution per plant 72 h before inoculation, and curative 
treatments were performed by irrigating 20 ml of the solution per plant, 24 h after 
inoculation or by spraying 5 ml of the solution per plant, 24 h after inoculation. 
Pathogen inoculation was performed by dipping the third and fourth leaves into the 
bacterial suspension described above for 3 sec. Additionally, plants treated with Cu 
heptagluconate and non-inoculated, non-treated and inoculated (positive control), and 
non-treated and non-inoculated (negative control) were included in the experiment for 
comparative purposes. During the experiment, all plants were maintained in humid 
chambers and irrigated as described above. There were 10 replicated plants per 
treatment (4 treatments), 40 plants in total. The experiment was conducted three times. 
Disease severity, disease incidence and plant growth 
To determine the disease severity (DS), third and fourth leaves of each plant and 
treatment were selected at 72 h post-inoculation (pi) and evaluated by visual 
observations determining the percentage of dark-brown spots developed on the leaf 
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surface. Disease incidence (DI) was determined by counting the cfu of P. syringae 
strain DC3000 per gr of leaves developed in KB medium. To this end, three leaves 
samples of 50 mg of each infected treatment were washed with sterile water, ground and 
resuspended in 50 ml of MgSO4 10 mM. Serial dilutions from these suspensions were 
plated in KB medium with rifampicin (50 mg ml
-1
). Cfu were counted after 24 h at 28º 
C in darkness. 
To evaluate the effect of the product on plant growth, total growth was evaluated on 
non-inoculated plants at 30 days after Cu heptagluconate treatment measuring the plant 
length from soil surface to the apical shoot. The plant length of non-treated plants 
(control) was also measured. Moreover, the roots and shoots of the 10 plants of each 
treatment (Cu heptagluconate and control) were separated and dried in an oven at 65 ºC 
for 2 days. Subsequently, dried plant tissues were weighed, and the dry weight (DW) 
was expressed as biomass.  
Determination and quantification of H2O2 
Samples of 10 leaves per treatment were collected for 3′,3-diaminobenzidine (DAB) 
staining at 48 h pi. Leaves were cut and put immediately in 1 mg ml
–1
 DAB at pH <3 
for 24 h in darkness and were subsequently discolored in 96% ethanol and rehydrated in 
distilled water. DAB staining intensities were quantified in micrographies by the 
number of dark-brown DAB pixels in relation to the total pixels corresponding to plant 
material using the GIMP program (version 2.6.12) (Llorens et al., 2016). 
Evaluation of hormones and phenolic compounds related to plant defense by 
chromatographic analysis 
Fresh material (10 leaves per treatment and experiment; 1 leaf per plant in each 
treatment and experiment) was frozen in liquid N, ground, and freeze-dried. Fresh tissue 
(0.5 g) was immediately homogenized in 2.5 ml of ultrapure water, and a mixture of 
internal standard deuterated abscisic acid ([
2
H6] ABA), deuterated salicylic acid ([
2
H4] 
SA), dihydrojasmonic acid (dhJA) and propylparaben was added at 100 ng ml
–1
 prior to 
extraction in order to quantify the level of hormones 12-oxo-phyto dienoic acid 
[OPDA], SA and ABA and phenolic compounds (Caffeic and chlorogenic acids), 
respectively. After extraction, a 20 μl aliquot was injected directly into the high-




For both hormones and phenolic compounds measurements, analyses were carried out 
using a Waters Alliance 2690 HPLC system (Milford, MA, USA) with a nucleosil ODS 
reversed-phase column (100 mm × 2 mm, i.d. 5 μm; Scharlab, Barcelona, Spain; 
http://www.scharlab.com). The chromatographic system was interfaced to a Quatro LC 
(quadrupole–hexapole–quadrupole) mass spectrometer (Micromass; 
http://www.micromass.co.uk). The MASSLYNX NT software version 4.1 (Micromass) 
was used to process the quantitative data from calibration standards and plant samples 
(Llorens et al., 2016).  
Statistical analysis 
All experiments were conducted at least two times. Data from different repetitions was 
analysed together due to the fact that analysis of variance (ANOVA) did not show 
significant differences (P > 0.05) between repetitions in each experiment. Subsequently, 
for each assessment, ANOVA was performed with DI, DS, plant growth, H2O2, 
hormones or phenolic compound levels as dependent variables and treatment (plants 
treated or non-treated with Cu heptagluconate and/or inoculated or non-inoculated with 
P. syringae DC3000 as independent variable). All data of this study were tested for 
normality, homogeneity of variances, and residual patterns. Mean values were 
compared using the Fisher’s protected least significant difference (LSD) test at P = 0.05 
(Steel and Torrie, 1986). Statistical analyses were performed by using the software 
Statgraphics Centurion XVI (Statpoint Technologies, Warrenton, VA, USA). 
RESULTS 
Effect of Cu heptagluconate on disease severity, plant growth and bacterial 
populations 
The preventive treatment with Cu heptagluconate by soil drench reduced markedly the 
development of black necrotic specks triggered by P. syringae in tomato leaves (Fig 1). 
Plants treated by Cu heptagluconate develop only a few symptoms of the disease on 
leaves 72 h pi with P. syringae strain tomato DC3000 (Fig. 1B) in comparison with the 
visible damage observed in leaves from non-treated and inoculated plants (positive 
control) (Fig. 1A). Significant differences in P. syringae infection (%) and viable P. 
syringae populations (cfu mg
-1
 of leaf) were observed between the positive control, and 
treated and inoculated plants (P = 0.0003 and P=0.0022, respectively). At 72 h pi, 
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leaves from plants treated with Cu heptagluconate showed 31.7% of leaf surface 
covered by black necrotic specks, whereas the positive control had affected leaf surface 
> 70.51%, which represents a reduction in the percentage of lesions by 55.1% by the 
use of Cu heptagluconate (Fig. 2A). The control obtained with the preventive treatment 
is higher than the observed with curative applications which showed a reduction of 
symptoms around 25% (Fig. S1). In the same way, the preventive treatment also 
significantly reduced the viable P. syringae populations in tomato leaves compared with 
those from the positive control (Fig. 2B). The analysis showed a bacterial population 
around 1.14 × 10
8




 of leaf for inoculated treated and non-treated 
plants (control), respectively. This result indicates that preventive soil drench 
applications with Cu heptagluconate are reduces the presence of viable bacteria 
populations in planta by 85.9%, which supports the reduction observed in the 
percentage of lesions on leaf surface. Due to the fact that the preventive treatment 
showed better results reducing the bacterial symptoms, we focused the analysis of the 
mechanism of action in this treatment.  
 
Figure 1. Effect of Cu heptagluconate on tomato against P. syringae. (A) Leaf of tomato 





showing bacterial specks; (B) Leaf of tomato from treated plants with Cu heptagluconate 


















Figure 2. Effect of Cu heptagluconate on the resistance of tomato plants 72 hpi with P. 




. (A) Infection rate scored measuring the 
percentage leaf covered by bacterial specks, and (B) bacterial population assessed using 
KB medium, for the treatments Positive control: Non-treated and inoculated plants; and 
Treat. Inoc.: Treated and inoculated plants. Columns represent the means of three 
independent experiments of 10 replicated plants per treatment. Vertical bars are the 
standard error of the means. Columns with the same letter do not differ significantly 
according to Fisher’s protected LSD test (P < 0.05). 
Physiological parameters 
Even though plants treated with Cu heptagluconate showed higher values of plant 
height, and shoot and root dry weight than control plants, ANOVA did not show 
significant differences (Plant height: P = 0.5239; Shoot dry weight: P = 0.3804; Root 
dry weight: P = 0.4112) between both lots of plants. This indicates that the uptake of Cu 
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Effect of Cu heptagluconate on the levels of H2O2 
In general, the formation of a dark brown insoluble precipitate was observed after leaf 
staining in 3,3’-DAB for 24 h in all leaf samples tested, indicating H2O2 accumulation. 
Nevertheless, ANOVA showed significant differences in the levels of H2O2 between the 
four treatments tested (P = 0.0002). Samples collected from plants treated with Cu 
heptagluconate and inoculated with P. syringae showed fewer dark brown precipitate 
than that observed in samples from positive control plants. This result indicates that 
treatments with Cu heptaglunate decrease markedly the levels of H2O2 in treated plants. 
In fact, the level of H2O2 in positive control plants was 30% higher than that observed in 
plants treated with Cu heptagluconate and inoculated with P. syringae. Interestingly, the 
effect of Cu heptagluconate was also visible in the batch of plants which were treated 
but non-inoculated, also showing a reduction of ROS levels ≈30 times compared with 









Figure 3. H2O2 staining represented as % of leaf area, estimated by using DAB staining 
in the leaves of infected tomato plants. The following treatments were evaluated: 
Negative control (Non-treated and non-inoculated plants); Positive control (Non-treated 
and inoculated plants); Treat. Non-inoc. (Treated and non-inoculated plants); and Treat. 
Inoc. (Treated and inoculated plants). Columns represent the means of three independent 
experiments of 10 replicated plants per treatment. Vertical bars are the standard error of 
the means. Columns with the same letter do not differ significantly according to Fisher’s 




























Effect of Cu heptagluconate on the enhancement of hormones related to plant 
defence 
For all hormones tested, their levels were higher in inoculated plants in both treated and 
non-treated lots of plants with Cu heptagluconate, with the exception of SA. Levels of 
OPDA were higher in inoculated plants without significant differences (P = 0.0858) 
between positive control (437.6 ± 138.1 ng g
-1
 of leaf) and treated and inoculated plants 
(336.7 ± 12.1 ng g
-1
 of leaf) (Fig. 4A). On the other hand, the results obtained for SA 
showed a different pattern to that observed for OPDA. The highest level of SA was 
observed in treated and inoculated plants (1206.3 ± 417.0 ng g
-1
 of leaf) showing no 
significant differences between the rest of the treatments tested (P = 0.5290). Moreover, 
the SA level of the positive control was lower (820.9 ± 281.2 ng g
-1
 of leaf) than that 
observed for treated and non-inoculated plants (998.7 ± 388.5 ng g
-1
 of leaf), but 
ANOVA did not show significant differences in SA level between these two treatments 
(P = 0.5290) (Fig. 4B). Finally, the levels of ABA were similar in plants from the four 
treatments tested without significant differences in ABA level between treatments (P = 
0.8705). Despite the lack of significant differences between treatments in this last case, 
ABA levels were higher in both lots of inoculated plants (Positive control: 3479.6 ± 
531.5 ng g
-1
 of leaf; Treated and inoculated plants: 3786.6 ± 349.7 ng g
-1
 of leaf) (Fig. 
4C). 
Effect of Cu heptagluconate on the levels of phenolic compounds  
The measurement of the accumulation of phenolic compounds in leaves showed that 
soil drench treatments with Cu heptagluconate induce the accumulation of caffeic and 
chlorogenic acids. Accumulation of caffeic acid was induced in response to the 
inoculation with P. syringae in both plants, treated with Cu heptagluconate (18161.0 ± 
2184.9 ng g
-1
 of leaf) and nontreated plants (17011.2 ± 2277.1 ng g
-1
 of leaf), without 
significant differences between treatments (P = 0.7341). Interestingly, treated and non-
inoculated plants also showed a significantly high level of caffeic acid (14798.5 ± 
3042.6 ng g
-1
 of leaf) compared to non-treated plants, but without significant differences 
between the two lots of inoculated plants (P = 0.6541) (Fig. 5A). On the other hand, 
accumulation of Chlorogenic acid was not observed in both lots of non-treated plants 
(negative and positive control), whereas the treatment with Cu heptagluconate induced 
the accumulation of this phenolic compound in both inoculated (5802.4 ± 3515.5 ng g
-1
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of leaf) and non-inoculated (5720.9 ± 5431.9 ng g
-1
 of leaf) plants, without significant 


















Figure 4. Hormone levels in tomato plants subjected to the following treatments: 
Negative control (Non-treated and non-inoculated plants); Positive control (Non-treated 
and inoculated plants); Treat. Non-inoc. (Treated and non-inoculated plants); and Treat. 
Inoc. (Treated and inoculated plants). Levels of (A) OPDA, (B) SA and (C) ABA were 
determined in freeze-dried material by HPLC. Columns represent the means of three 
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the means. Columns with the same letter do not differ significantly according to Fisher’s 














Figure 5. Levels of phenolic compounds tomato plants subjected to the following 
treatments: Negative control (Non-treated and non-inoculated plants); Positive control 
(Non-treated and inoculated plants); Treat. Non-inoc. (Treated and non-inoculated 
plants); and Treat. Inoc. (Treated and inoculated plants). Levels of (A) caffeic acid and 
(B) chlorogenic acid were determined in freeze-dried material by HPLC. Columns 
represent the means of three experiments with 10 replicated plants per treatment. Vertical 
bars are the standard error of the means. Columns with the same letter do not differ 
significantly according to Fisher’s protected LSD test (P < 0.05). 
DISCUSSION AND CONCLUSIONS 
Copper-based fungicides are among the oldest pesticides used in agriculture. Since the 
discovery of the “Bordeaux mixture” in the nineteen century, the use of copper against 
plant diseases have been maintained until nowadays. However, the excessive use of 
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The first of these problems is the toxic levels of Cu due to anthropogenic activities 
(Yruela, 2009; Micó et al., 2006). The excessive use of Cu based pesticides to control 
plant diseases has resulted in Cu accumulation in the surface layer of agricultural soils 
(Mackie et al., 2012; Michaud et al., 2007). In Europe, continuous spray of Cu based 
pesticides, such as Bordeaux mixture has drastically increased the Cu pollution of soils. 
In agricultural soils, normal Cu concentration varies from 5 to 30 mg kg
−1
 depending on 
soil type, but the soils of vineyards, which are commonly sprayed with this kind of 
pesticides, contain Cu that ranges from 200 to 500 mg kg
−1 
(Brun et al., 1998). The 
excess of Cu may cause toxicity to the environment and for the crops. Is well known 
that photosynthetic reactions, both photochemical and biochemical ones, are usually 
inhibited many heavy metals and in particular Cu (Küpper et al., 2009). This excess of 
metal in the soil can result in decreasing final fruit number, dry root weight, and plant 
height (Sonmez et al., 2006). 
On the other hand, the excessive use of copper in agriculture leads to the appearance of 
resistant pests. Since 1986, an increasing number of studies have reported Cu resistance 
in P. syringae (Bender and Cooksey, 1986) and other related pathogens such as 
Xanthomonas spp. (Griffin et al., 2017; Behlau et al., 2013) and the subsequently 
reduced efficacy of Cu-based products for controlling these pathogens. In this way, it 
has been demonstrated that the application of Cu is ineffective in managing tomato 
bacterial speck in South Africa, probably due to the presence of Cu resistant P. syringae 
populations in the region (McLeod et al., 2017). Therefore, alternative management 
strategies must be developed in order to combat those diseases and minimize the 
damage caused by the excessive use of Cu. 
In this study, we evaluated the effectiveness of a formulation of Cu complexed with 
heptagluconic acid, which is characterized by high assimilability by the plant. The 
results obtained showed that, although the formulation of this compound is absorbed 
highly by the plant, there were no symptoms of phytotoxicity. A single treatment prior 
to bacterial inoculation was able to reduce disease symptoms and the number of viable 
bacteria in leaves by more than 50%. This control is higher than observed in treatments 
with Cu hydroxide or other inorganic formulations in tomato, which can range from 
40%
 
(Iacobellis et al., 2003) to no control in others (Ji et al., 2006). The lack of control 
of regular inorganic formulations has forced to the use of alternatives or combinations 




al., 2006; Huang et al., 2012). Moreover, the content of copper in the classical 
formulations can range from 20% of Cu in the Bordeaux mixture to 50% of Cu in 
copper oxychloride formulations (Ferreira et al., 2007), whereas the content of copper 
in the Cu heptagluconate formulation is only 6%. According to the recommended doses 
of application, this reduction of Cu in the formulation would represent a reduction 
between 40 and 65% compared with classical formulations.  In this way, under field 
conditions, Dagostin et al. (2011) demonstrated that heptagluconic acid controlled P. 
viticola at the same levels than copper hydroxide reducing the amount of metallic 
copper per ha per year by 40% in comparison to the control treatments. 
On the other hand, our results also showed a reduction of ROS in treated and infected 
plants. Generation of ROS during pathogen attack is part of the defensive response and 
is involved in the stimulation of hypersensitive cell death
 
(Apel and Hirt, 2004). 
However, the accumulation of ROS produced by the disruption of the cellular 
homeostasis under pathogen attacks also produces oxidative damage in membrane 
lipids, proteins, and nucleic acids (Mittler, 2002). The production of ROS in plants after 
P. syringae infection is induced by the non-host-specific phytotoxin coronatine (COR) 
(Ishiga et al., 2009). COR is a toxin formed by the coronafacic acid (CFA) and 
coronamic acid (CMA) which acts as a structural and functional analog of plant signal 
molecules, such as jasmonic acid (JA) (Ishiga et al., 2009; Uppalapati et al., 2005). 
Presence of COR promotes stomatal aperture, which facilitates the entry of the bacteria 
into the mesophilic, and induce the JA pathway and antagonize SA-mediated defence 
responses during P. syringae infection, preparing the plant for a successful pathogen 
colonization. Our results showed that levels of OPDA are lower in plants treated with 
Cu than those observed in untreated controls, and therefore, the SA is not repressed. 
This lack of hormonal alteration expected by the presence of COR after Pseudomonas 
inoculation and the reduced levels of ROS may indicate that the application of Cu via 
soil drench could cause a delay or impairment in the pathogenesis machinery or an 
induction of plant defensive responses. In order to ascertain if the application of the 
treatment is inducing the plant natural defences we measured the phenolic compounds. 
These metabolites have been found throughout the plant kingdom and possess 
antioxidant activity and its induction has been described as part of the active defence of 
the plant (Hammerschmidt, 2014; Baker et al., 2015). Besides its direct antimicrobial 
activity, phenolic compounds are also able to inactivate microbe produced enzymes that 
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are involved in pathogenesis or inhibit the synthesis of specific toxins (Bostock et al., 
1999; Wojciechowska et al., 2014). Our results show the application of Cu in soil 
drench induces accumulation of chlorogenic and caffeic acids in absence of inoculation. 
In this way, previous studies showed that the application of resistance inducers or 
priming agents such as acibenzolar-S-methyl, isonitroacetophenone, lipopolysaccharide, 
flagellin or chitosan resulted in the accumulation of phenolic compounds 
(Hammerschmidt, 2014) which could indicate that the application of Cu is protecting 
the plant not only by a direct antimicrobial activity but also by the induction of plant 
defences. Previous studies about the effect of resistance inducers demonstrated that the 
application of priming compounds is able to affect the behavior of the bacteria in the 
plant. Scalschi et al. (2014) observed that the reduction of bacterial population 
provoked by the resistance inducer application prevent bacteria from reaching the 
quorum sensing, delaying in this way the production of COR and the subsequent 
colonization of the plant.  
As conclusion of this work, the application of Cu heptagluconate by irrigation manages 
to activate the defence mechanisms of the plant reducing the incidence of P. syringae by 
more than 50%, by the direct antimicrobial activity of Cu, together with the increase of 
the phenolic compounds an activation of this mechanism against the pathogen. It should 
be noted that the activation of plant innate immunity combined with the direct effect of 
Cu against the pathogen, could prevent the bacteria from reaching the quorum sensing 
and, thus, reduce the amount of COR produced by the bacteria with the subsequent 
reduction of oxidative damage and avoiding the hormonal balance disruption. 
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Figure S1. Curative effect of Cu heptagluconate on tomato plants 72 h pi with P. 




. (A) Infection rate scored measuring 
the percentage leaf covered by bacterial specks, for the treatments Positive control: Non-
treated and inoculated plants; Spray: Cu heptagluconate applied in spray 24 h pi and Soil 
drench: Cu heptagluconate applied in soil drench 24 h pi. Columns represent the means of 
three independent experiments of 10 replicated plants per treatment. Vertical bars are the 
standard error of the means. Columns with the same letter do not differ significantly 
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Plants are able to produce numerous natural products, many of which have been shown 
to confer protection against microbial attack. In this way, we identified 1-
methyltryptophan (1-MT), a natural compound produced by tomato plants in response 
to Pseudomonas syringae attack, whose application by soil drench provided protection 
against this pathogen. In the present work, we have studied the mechanisms underlying 
this protection. The results demonstrated that 1-MT can be considered a new activator 
of plant defense responses that acts by inhibiting the stomatal opening produced by 
coronatine (COR), which could prevent bacteria entering the mesophyll. Besides, 1-MT 
acts by blocking the jasmonic acid (JA) pathway, which could avoid manipulation of 
the salicylic acid (SA) pathway by a bacterium, and thus hinder its growth. Although 
the concentration of 1-MT reached in the plant did not show antimicrobial effect, we 
cannot rule out a role of 1-MT by itself because it affects the expression of the fliC 
gene, involved in the synthesis of the flagellum, and produces reduced bacterium 
motility and, therefore, its infective capacity. The results highlight the effect of a 
tryptophan derivative on induced resistance in plants. 
KEYWORDS: Induced resistance, 1-methyltryptophan, Pseudomonas syringae, 
Solanum lycopersicum, apoplast 
INTRODUCTION 
Plants have developed a variety of chemical and physical basal defense mechanisms to 
cope with environmental changes and pathogenic invasions. When pathogens penetrate 
the superficial layer of plant leaves, they encounter early-acting post-invasive defense 
systems. The ability to detect and activate a defense response against potentially 
pathogenic microorganisms is important for stopping disease progression. The 
activation of these defense systems is linked to the recognition of pathogen-associated 
molecular patterns (PAMPs), such as lipopolysaccharides and flagellin in gram-negative 
bacteria, or chitin and ergosterol in higher fungi (Nürnberger et al. 2004). Besides, in 
response to the delivery of pathogen effector proteins, plants produce resistance proteins 
(R proteins) to either directly or indirectly monitor the presence of the pathogen effector 





The plant pathogen interaction is a system that depends on the lifestyle of the 
microorganism and plant species. The pathosystem Pseudomonas syringae vs. tomato is 
a widely used model to study the plant-pathogen interaction: firstly given its genetic 
tractability and pathogenicity, Pseudomonas syringae pv. tomato DC3000 is an 
appropriate strain used to investigate plant-microbe interactions (Cuppels 1986, 
Elizabeth and Bender 2007, Uppalapati et al. 2008); secondly, tomato is an 
economically important plant and its study could be extended to other species closely 
related to it that are important for agriculture.  
Plant immunity against Pseudomonas involves multiple responses (Xin and He 2013).  
Among them, plant hormones play an important role in modulating plant resistance to 
P. syringae. Salicylic acid (SA) acts at different levels of plant defense against 
biotrophic and hemibiotrophic pathogens and is associated with the induction of PR 
(pathogenesis-related) genes expression (Vlot et al. 2009). Jasmonic acid (JA) is known 
to protect plants against necrotrophic pathogens and herbivores (Thomma et al. 2001). 
Although previous works have shown the antagonistic interactions between the SA- and 
JA-mediated signaling pathways (Niki et al. 1998, Koornneef et al. 2008, Pieterse et al. 
2012), synergistic interactions have also been described (Mur et al. 2006, Halim et al. 
2009, Scalschi et al. 2013).  
Abscisic acid (ABA) is also involved in biotic stress responses in a complex manner. 
Several authors have shown that ABA promotes Pseudomonas infection (Thaler and 
Bostock, 2004; Cao et al., 2011; Robert-Seilaniantz et al., 2011). Nevertheless, ABA is 
the hormone responsible for guard cell closure control, which is a very important aspect 
to prevent  the entrance and reproduction of pathogens in the mesophyll (Melotto et al., 
2006; Gudesblat et al., 2009a). In relation to this, Fernández-Crespo et al. (2015) have 
shown that tomato plant grown with NH4
+
 as the only source of N displays higher basal 
ABA accumulation and more closed stomata than control plants, which reduce the entry 
of Pseudomonas in the mesophyll apoplast.  
P. syringae pv. tomato DC3000 is a bacterial pathogen with two lifestyles: an initial 
epiphytic phase on the leaf surface and an endophytic phase in the apoplastic space, 
which it can access via wounds or natural plant openings, such as stomata (Beattie and 
Lindow 1995, Melotto et al. 2008). P. syringae survival within the plant depends on 





nutrients in the apoplast, and the ability to cope with host defense systems. P. syringae 
uses flagellar motility to locate at optimal sites for nutrient acquisition or to avoid toxic 
substances. Therefore, flagella play a role by either stimulating host defense or in 
disease causation (Xin and He 2013). This bacterium also possesses many virulence 
factors, like proteinaceous effectors, which are secreted through the type III secretion 
system directly into host cells, and a polyketide phytotoxin called coronatine (COR), 
which structurally mimics plant hormone jasmonate isoleucine and triggers the 
activation of JA-dependent defence responses to lead to the suppression of SA-
dependent defence responses (Laurie-Berry et al. 2006).   
P. syringae develops its pathogenic phase in the apoplast. The apoplastic space is the 
plant cell compartment outside the cell membrane, where the first interaction between 
plants and pathogens takes place. It is an environment that is acidic, low in nitrogen, 
and rich in plant-derived sugars, such as fructose and glucose (Rico and Preston 2008). 
It is known that both abiotic and biotic stresses are able to change its content. Therefore 
the apoplast can be considered one of the primary lines of defense against pathogen 
invasion because it may contain antimicrobial molecules (Bednarek et al. 2010) and 
reactive oxygen species (Torres et al. 2006, Torres 2010), which might directly affect 
the pathogen or serve as plant response inducers. For this reason, an analysis of the 
changes that occur in the apoplast during pathogen infection and in plant-induced 
defense is important to gain a better understanding of the plant-pathogen interaction and 
disease control in early development stages. 
An alternative system to use pesticides in agriculture is to induce plant defense against 
pathogens by treatments with natural compounds. The search for such compounds that 
are effective in protecting crops against pathogens allowed us to determine the 
effectiveness of hexanoic acid (Hx). Hx acts as an inducer of plant defenses by means of 
a priming mechanism against pathogens with different lifestyles (Vicedo et al., 2009; 
Llorens et al., 2013; Scalschi et al., 2013). In order to characterize the priming 
mechanism conferred by Hx, a metabolic profile of tomato plants infected by Botrytis 
cinerea or P. syringae, and treated with Hx, has been performed (Camañes et al. 2015). 
In that study, compound 1-methyltryptophan (1-MT) was detected and its presence was 
associated with tomato-P. syringae and tomato-B. cinerea interactions, and with Hx-
induced resistance. Moreover, the same work demonstrated that the root application of 





tryptophan-derivates have emerged as relevant defene mechanisms, which have 
conferred resistance to the necrotrophic fungus Plectosphaerella cucumerina in 
Arabidopsis thaliana (Sanchez-Vallet et al. 2010, Gamir et al. 2012).  
The aim of this work was to study the modifications produced by 1-MT in the plant that 
improve its resistance against the pathogen and its possible direct effect on bacteria. For 
this purpose, we treated tomato plants with 1-MT by soil drenching. Then the metabolic 
and transcriptomic profiles were analyzed in the plant and apoplast extracts. We also 
analyzed the transcriptomic changes in the genes related to the pathogenicity and 
virulence of bacteria.  
MATERIAL AND METHODS 
Microbial strains, growth conditions and plant material   
P. syringae pv. tomato strains used in the present study were DC3000 and 775EGFP 
(DC3000 labeled with GFP, Río-Álvarez et al., 2014). Rifampicin and kanamycin 
respectively were added to King B medium (KB) at 50 µg mL
−1
. Tomato seeds 
(Solanum lycopersicum Mill. cv. Ailsa Craig) were germinated in vermiculite in a 
growth chamber under the following environmental conditions: light/dark cycle of 16/8 




, and 60 % relative 
humidity. Seeds were irrigated with distilled water for a week and the next 3 weeks with 
Hoagland solution (Hoagland and Arnon 1950). The pH of the nutrient solution was 
adjusted to 5.8 - 6.0 with 1 mM KOH.  
P. syringae bioassays 
Four-week-old tomato plants were treated with nutrient solution or 20 mL of 1-MT (5 
mM) at pH=6 dissolved in the nutrient solution 72 hours before inoculation. P. syringae 
pv tomato DC3000 was grown in KingB (KB) medium at 28 ºC for 24 h. Bacterial 




 in sterile MgSO4 (10 mM)  with 0,01 % 
of Silwet L-77 surfactant (Osi Specialties, Danbury, CT, USA). Tomato plants were 
challenged by dipping with P. syringae and the disease rate was scored as described by 
Camañes et al., (2015). The third and fourth leaves of 10 plants for every treatment 







Leaves were frozen in liquid N2, ground, and lyophilized. For hormonal analysis, dry 







-SA and dihydrojasmonic acid) was added. The samples 
were centrifuged at 5.000 rpm for 45 min at 4 ºC. The supernatant was partitioned 
against diethylether, dried in a speed vacuum and resuspended in 90:10 H2O:MeOH. 
For amino acids and 1-MT analysis, dry tissue (0.1 g) was homogenized with 750 µl of 
extraction solution composed by: 80 µl of distilled water, 200 µl of chloroform and 470 
µl of methanol per sample. Moreover, a mixture of internal standards was added prior to 








N). In both cases, a 20 μl 
aliquot was injected into an Acquity ultra-performance liquid chromatography system 
(UPLC) with an ACQUITY UPLC BEH C18 column (1.7 µm 2.1x50 mm) (Waters, 
Mildford, MA, USA), which was interfaced with a triple quadrupole mass spectrometer 
(TQD, Waters, Manchester, UK). The solvent gradient used was 95% H2O: 5% MeOH: 
0.1% CHOOH to 5% H2O: 95% MeOH: 0.1% CHOOH over 8 min.The MASSLYNX 
NT software version 4.1 (Micromass; www.micromass.co.uk) was used to process the 
quantitative data from calibration standards and plant samples.  
Hormonal, amino acids and 1-MT analyses were also performed for the apoplast 
extracted at 48 hpi from control and treated plants, infected and non-infected. 100 ng 
mL
-1
 of internal standards were directly added to the apoplast after extraction and 
further processed with the UPLC as described above. 
Analysis of gene expression by quantitative real-time polymerase chain reaction 
(qRT-PCR) 
RNA was extracted from frozen tomato leaves using the E.Z.N.A® Plant RNA Kit 
(www.omegabiotek.com) according to the manufacturer’s instructions. Leaf tissue from 
10 treated and untreated plants were collected at the specified time points post-
inoculation. A total of 1 μg of total RNA was digested using 1 U of RNase-free DNase 
(Thermofisher, www.thermofisher.com) and incubated for 30 min at 37 ºC. For each 
sample, cDNA was synthesized using 1 µg of total RNA in 10 µL total reaction volume 
with oligo dT primer and primescript RT enzyme mix 1 (Primescript RT reagent kit, 
TaKaRa). Forward and reverse primers (10 μM) were added to 5 μl of Maxima SYBR 





Milli-Q sterile water up to a total reaction volume of 10 μl. Quantitative PCR was 
carried out using the StepOne™ Real-Time PCR System (www.thermofisher.com). A 
list of the primers used for the quatitative Real Time-PCR is shown in Table S2. Levels 
of EF1α gene expression were used as an internal housekeeping control. The 
amplification efficiency for each primer pair was calculated using serial cDNA 
dilutions. Differences in cycle numbers during the linear amplification phase between 
samples from treated and untreated plants were used to determine differential gene 
expression.  
To extract bacterial RNA from infected plants we used a protocol for extracting RNA 
from P. syringae recovered from infected leaves as described by Yu et al. (2013). 
Briefly, for isolation of RNA, the Qiagen RNeasy Bacteria Mini Kit (www.qiagen.com) 
was used according to manufacturer's instructions. Reverse transcription and 
Quantitative PCR were carried out as described above. Primers used for the assay are 
described in Table S3. Relative levels of the monitored genes were normalized with 
recA that was used as an internal reference. 
Apoplast extraction 
Apoplast extraction was carried out 48h after Pseudomonas syringae inoculation by 
using the infiltration-centrifugation method as described by (O’Leary et al. 2014). 
Leaflets of the third and fourth true leaves of 10 one-month old plants were used for 
each treatment. Briefly, this technique is a two-step method that essentially involves 
replacement of the apoplastic air space with sterile distilled water, which mixes with the 
native apoplastic fluid, followed by recovery of the infiltration/apoplastic mixture by 
gentle centrifugation of the leaves. The cytoplasmic contamination of apoplast was 
estimated by comparison of G6PDH activity in apoplast extracts and leaf homogenates 
as is described in Rico and Preston (2008). G6PDH was not detected in apoplast extract. 
Prior to subsequent analyzes, the apoplast extract was diluted twice in distilled water 
and filtered on a cellulose filter in syringe filter pore size 0.2 μm, in order to avoid 
bacterial contamination.  Four biological replicates of apoplast extracted from control 
and treated plants, infected and non-infected were performed. 
Stomatal aperture analysis 
Tomato plants were maintained in the same culture conditions and treated as described 





glass slides with the adaxial epidermis in contact with dental resin (Geisler et al. 2000, 
Delgado et al. 2011). Stomatal aperture analysis was performed as described by 
Scalschi et al. (2013). 
Analysis of bacteria presence in the leaves with confocal microscopy  
For confocal microscopy analysis, P. syringae pv tomato 775EGFP strain, transformed 
with pUFZ15 containing the  GFP fluorescent protein (Río-Álvarez et al. 2014) was 
used. In order to check 775EGFP strain response to 1-MT treatment, bacteria were 
inoculated as described above. Results showed a similar effect as for DC3000 strain 
(data not shown). For the confocal analysis, inoculated tomato leaves from treated and 
non-treated plants were examined at different time periods in order to check for the 
presence of the bacteria on the surface and in the mesophyll. The GFP signal and 
chlorophyll autofluorescence were collected on an Inverted Confocal Microscope Leica 
TCS SP8 (Leica Microsystems, Wetzlar, Germany) using 488 nm ray line of the argon 
laser for their excitation.  GFP fluorescence was collected between 500 and 540 nm by a 
HyD detector while the fluorescence emitted by the chlorophyll was collected between 
650 and 700 nm by a PMT detector. The same gain and offset settings were used for the 
different treatments. The images were processed using the LAS X (Leica 
Microsystems). Five leaves were observed for each treatment and for each time point.  
Determination of sugar concentration  
Fructose, glucose, and sucrose concentration was determined following the method 
described by Cebolla-Cornejo et al. (2012) with some modifications using an Agilent 
7100 capillary electrophoresis system (Agilent Technologies, Waldbronn, Germany).  
Prior to use, uncoated fused silica capillaries (67 cm total length, 60 cm effective length, 
375 µm outside diameter, 50 µm internal diameter) from Polymicro Technologies 
(Phoenix, AZ, USA) were conditioned at 50 ºC with NaOH 1 N (5 min), NaOH 0.1 N 
and MilliQ water (10 min). Before each working session, the capillary was rinsed for 30 
min with the running buffer (20 mM PDC and 0.1% w/v HDM at pH 12.1). Between 
runs, the capillary was flushed with 60 mM SDS (3 min), MilliQ water (1 min) and the 
running buffer (2 min). Samples were diluted ½ with MilliQ water, filtered (0.2 µm) 
and then injected hydrodynamically at 6900 Pa during 30 s. Separations were performed 





In vitro bacterial growth assay 
We tested 1-MT effect against P. syringae pv tomato DC3000 in LB medium to which, 
the compound was added at a final concentration of 0.5, 1, 2.5 and 5 mM. 1-MT was 
prepared in distilled water adjusted to pH=6, and sterilized by filtration. 2xLB was 
prepared and diluted with 1-MT and water until reaching the concentration of use. The 
inoculum was obtained as described above. The growth assay was carried in a microtiter 
plate, in a total volume of 250 µl LB with or without 1-MT, using an initial bacterial 




. Bacterial growth was monitored by measuring 
optical density in a microplate reader (MB-580, Heales) at 20 hpi in the medium. Eight 
independent replicates were performed for each condition. 
Bacterial growth assays were also performed in extracted apoplast from treated or 







To analyze the effect of the treatment on the mobility of the bacteria in vitro, P. 
syringae inoculum was obtained as described above. Five microliters of the bacterial 
suspension were inoculated onto KB agar plates (containing 50% KB and 0.25% agar) 
with or without 1-MT at 1.5 or 5 mM, with a sterile pipette tip. The plates were 
incubated at 28 ºC. Five plates by treatments were used. The diameter of the culture was 
measured at 72 hpi.  
Statistical analysis 
All experiments were conducted at least three times. Data from different repetitions was 
analyzed together due to the fact that analysis of variance (ANOVA) did not show 
significant differences (p<0.05) between repetitions in each experiment. All data of this 
study were tested for normality, homogeneity of variances, and residual patterns. When 
ANOVA showed significant differences between variables, mean values were compared 
using the Fisher’s least significant difference (LSD) test at the 95% confidence. 
Statistical analyses were performed using the software Statgraphics Centurion XVI 
(Statpoint Technologies, Warrenton, VA, USA). Heatmaps were generated with the 
levels of aminoacids, hormones and sugars following log transformation using the 






We have previously reported that 1-MT protects tomato plants against P. syringae and 
B. cinerea (Camañes et al. 2015). The present paper checked the protection of tomato 
plants by 1-MT against P. syringae. The results obtained were similar to those described 
previously by Camañes et al. (2015), we observed an average reduction closed to 40 % 
in disease symptoms and an average drop of 80 % in the number of colony-forming 
units (cfu) after. Therefore, we extended our analyses to study the mechanisms 
underlying the resistance against P. syringae conferred by 1-MT. For this purpose, 
metabolic and transcriptomic analyses of leaf samples were performed in tomato plants. 
Changes in the hormonal pattern of the 1-MT-treated tomato plant upon P. 
syringae infection  
In order to further confirm the possible role of the different signaling pathways in 1-
MT-induced resistance, we analyzed the hormonal levels in the control and the 1-MT-
treated tomato plants at three time points after P. syringae infection.  
ABA levels significantly increased at 48 hours post-inoculation (hpi) in both the treated 
and infected plants compared to the untreated infected ones (Fig. 1A). Besides ABA, 
SA levels also increased in the treated and infected plants at this time point (Fig. 1B), 
but no significant differences were observed compared to the untreated infected plants. 
Interesting results about the oxylipin pathway were obtained. Even though oxylipin 12-
oxo-phytodienoic acid (OPDA) and JA increased in the infected plants, at 24 hpi this 
remarkable increase in both the treated and untreated plants was observed only in the 
untreated infected plants at 48 hpi (Fig. 1C and D). These results indicate that 1-MT 
could block the oxylipin pathway. 
1-MT induced the expression of the genes involved in defense pathways  
As 1-MT treatment changed the hormonal profile, the next step was to study the 
expression pattern of the marker genes for the ABA (ASR1), SA (PR1 and PR5) and JA 
(AOC) signaling pathways in the leaf samples taken from the treated and untreated 
plants at 6, 24 and 48 hpi.  
The results show that 1-MT increased ASR1 gene expression at 48 hpi (Fig. 2A). This 
finding correlated with the accumulation of ABA observed at this time point, which 





Regarding the SA pathway, no differences in the expression levels of PR1 were 
observed between the treated and untreated plants upon infection, consistently with the 
hormonal analysis (Fig. 2B). However, PR5 gene expression was induced by treatment 
at 48 hpi (Fig. 2C). This result indicates a possible role of this protein in the protection 
mediated by 1-MT. Despite the fact that the OPDA and JA levels were lower in the 
treated and infected plants, no differences in the expression levels of the marker genes 
of the oxylipin pathway were observed in the treated versus the untreated plants upon 
infection (Fig. 2D).   
 
Figure 1. Hormone levels in water- and 1-MT-treated tomato plants on P. syringae 
infection. Leaves were collected at 6, 24 and 48 hpi and ABA (A), SA (B), OPDA (C), 
and JA (D) levels were determined by ultra-performance liquid chromatography (UPLC)-
mass spectrometry. Data show the average of three independent experiments of a pool of 
10 plants per experiment ± SE. Different letters indicate statistically significant 
differences between treatments at the same time point (p<0.05; least-significant 
difference test). Ctr, untreated and uninfected plants; Ctr Inf, untreated and inoculated 






Figure 2. Gene expression profile of plant defense pathways in water- and 1-MT-treated 
tomato plants on P. syringae infection. Leaves were collected at 6, 24 and 48 hpi and 
expression levels of marker genes of ABA (ASR1) (A), SA (PR1 and PR5) (B and C) and 
JA (AOC) (D) signaling pathways were analyzed. The results were normalized to the 
EF1α gene expression measured in the same samples. Data show the average of three 
independent experiments of a pool of 10 plants per experiment ± SE. Statistical analysis 
was carried out between samples collected at the same time point. Different letters 
indicate statistically significant differences between treatments (p<0.05; least-significant 
difference test). Ctr, untreated and uninfected plants; Ctr Inf, untreated and inoculated 
plants; 1-MT, treated plants; 1-MT Inf, treated and inoculated plants.  
1-MT inhibits stomatal opening and reduces bacterial mesophilic colonization 
It is well-known that ABA plays key roles in regulating stomatal closure. In this 
context, the increase of ABA levels in plants treated and inoculated, indicated the 
possibility of 1-MT treatment acting by blocking the re-opening of stomata promoted by 
COR. Therefore, the treatment effect on stomatal opening was studied. The results 
showed that both the treated and untreated infected plants had more closed stomata than 
the uninfected ones in the early hours of infection (data not shown). Nevertheless, the 
stomata of the treated and infected plants remained more closed at 24 h, which could 
affect the entry of the bacterium and its establishment in the mesophyll. These results, 





support the idea that 1-MT treatment might regulate stomatal closure and make plant 
defense more effective (Figs. 3A and 3B). 
In order to study how the bacterium colonized the mesophyll, confocal microscopy 
studies were carried out using a P. syringae pv tomato DC3000 strain labeled with GFP 
(Río-Álvarez et al. 2014). Pictures were taken at 3, 24 and 72 hpi. They showed that 
although bacteria were observed on the leaf surface at 3 hpi, at 24 h their presence on 
the leaf surface decreased in both the treated and untreated plants. Moreover, at 24 hpi, 
small groups of bacteria began to appear in the intercellular space in the control plants, 
whereas only isolated bacterial cells were seen in the treated plants (Fig. 3C). At longer 
time points, the number of bacteria considerably increased in the mesophyll of the 
control plants, but it was difficult to see clusters in the treated plants. 
 
Figure 3. 1-MT-treatment affects stomatal opening. (A) Stomatal apertures were 
analyzed ‘in situ’ in leaflets of water (Ctr) and 1-MT treated tomato plants at 24 hpi. 
Results are average ± standard error (SE) (n<50 stomata). Different letters represent 
statistically significant differences (p<0.05; least-significant difference test) (B) 
Representative photographs of stomatal aperture taken after 1-MT treatment. C) Confocal 
images showing a low number of bacteria in 1-MT treated plants and small colonies 





Apoplastic changes induced by 1-MT affect P. syringae survival in vitro 
Since the endophytic phase of bacteria takes place in the apoplast, its composition might 
be another factor that affects the bacterial colonization of the mesophyll. To study this 
hypothesis, apoplast extraction was performed 48 hpi from both the treated and 
untreated plants, as previously described by Rico and Preston (2008). In order to assess 





 was let grow on the extracted apoplast and its development was monitored during 
24 hpi. The results showed significantly less growth of the bacterial populations 
inoculated in the apoplast extracted from the treated plants than in the apoplast extracted 
from the untreated plants (Fig. 4). However, no differences in bacterial growth were 
found when using apoplast extracted from the treated plants with or without infection. 
Therefore, we conclude that the changes in leaf apoplast caused by 1-MT treatment 
affected the survival of bacteria independently of infection. 
 




 of bacteria initial 
concentration was maintained in apoplast extract from uninfected (Ctr) infected (Ctr Inf) 
treated (1-MT) and treated and infected (1-MT Inf) plants. Bacterial growth was 
measured at 24h. Data show the average of 8 samples per condition of an experiment ± 
SE. The experiment was repeated three times with similar results. Letters indicate 
statistically significant differences (p<0.05, least-significant difference test). 
Changes in hormonal pattern, sugars and amino acid content in the apoplast upon 
P. syringae infection 
Having observed the ability of the apoplast to inhibit bacterial growth, we compared the 
metabolic responses between the apoplast of the treated and untreated plants, with or 





of the plant hormones involved in plant defense processes. The results showed that the 
hormone levels in the apoplast were much lower than those detected inside cells. 
Moreover, the levels of most of the analyzed hormones were significantly higher in the 
infected plants than in the uninfected ones, regardless of treatment. This finding 
suggests that elevated levels are associated with the presence of the pathogen. 
Therefore, it appears that no studied hormone itself was able to exert an effect on the 
control of bacterial growth in the apoplast. The amino acid content was also analyzed, 
and the results showed that threonine (Thr) levels were higher in the infected and 
uninfected treated plants. After infection, its levels lowered in the untreated plants, and 
tryptophan (Trp) levels were higher only in the treated and infected plants. No 
significant differences were found between the treated and untreated plants for the other 
analyzed amino acids. 
 
Figure 5. Heatmap visualization of the content of metabolites in the apoplast in water- 
and 1-MT-treated tomato plants on P. syringae infection. Apoplast extract was collected 
at 48 hpi and hormone, amino acid and sugar content were analyzed. Ctr, untreated and 
uninfected plants; Ctr Inf, untreated and inoculated plants; 1-MT, treated plants; 1-MT 
Inf, treated and inoculated plants. Columns present the different metabolites analyzed; 






Finally, sucrose, fructose, and glucose levels were determined. While glucose and 
fructose were detected in all the experiments, be it at very low levels, no sucrose was 
detected in any of them. Glucose was observed in the apoplast extracted from the 
infected control plants, in which higher bacterial populations were found. This sugar 
was probably not detected because it was metabolized by bacteria. This is consistent 
with the amounts of glucose detected in the apoplast of the treated and infected plants, 
which appeared to inversely correlate with the amounts of bacteria. Interestingly, the 
absence of glucose did not negatively affect the growth of the bacteria inoculated in the 
apoplast extracted from the untreated and infected plants (Fig. 4). Besides, their growth 
was similar to that of the bacteria inoculated in the apoplast extracted from the control 
plants, and was higher than the growth of the bacteria inoculated in the apoplast of the 
treated and treated and infected plants. Fructose levels were also higher in the apoplast 
of the infected and uninfected treated plants, but no significant differences were 
observed compared with the untreated plants. 
P. syringae growth is dependent on 1-MT concentration 
In order to test the direct 1-MT effect against P. syringae, growth of the bacterium was 
checked in both the absence and presence of different 1-MT concentrations of (0.5, 1, 
2.5 and 5 mM) in LB medium. The results showed that of all the tested concentrations, 
only the 5 mM 1-MT one produced a 15% inhibition of bacterial growth. The addition 
of 1-MT at the 0.5, 1 and 2.5 mM concentrations did not reduce the growth of the 
bacteria compared with the control (Fig. 6).  
 
Figure 6. P. syringae growth is dependent on 1-MT concentration. 5x10
5
 cfu mL-1  of 
bacterial initial concentration was grown in LB or LB supplemented with 0.5, 1, 2.5 and 5 





reader (at 20 h after inoculation in the medium). Data show the average of 8 samples per 
condition of an experiment ± SE. The experiment was repeated three times with similar 
results. Letters indicate statistically significant differences (p<0.05, least-significant 
difference test). 
As the root treatment concentration (5 mM) had an effect on bacterial growth, the 
content of this compound in leaves and the apoplast was analyzed. The results (Table 1) 
showed that the concentration in both the apoplast and plant did not exceed 2 mM and 
was, therefore, below the concentration that could affect bacterial growth. 
Table 1. 1-MT concentration determined in leaves or in apoplast.1-MT concentration was 
determined by UPLC-MS
2
 in leaves of tomato plants or in apoplast extract in Ctr, 
untreated and uninfected plants; Ctr Inf, untreated and inoculated plants; 1-MT, treated 
plants; 1-MT Inf, treated and inoculated plants. Data show the average of three 
independent experiments ± SE. Letters indicate statistically significant differences 




Infected plant n.d.                    
1-MT 1,8 ± 0,5
 a
      mM    
1-MT infected plants 1,2 ± 0,2 
a
     mM     
  
Apoplast 
Control n.d.                      
Infected plant n.d.                     
1-MT 0,007 ± 0,03 
b
   mM 
1-MT infected plants 0,008 ± 0,03 
b
   mM 
nd: no detected 
1-MT affects P. syringae motility 
To test whether bacterial virulence was altered by treatment, we analyzed the expression 
of the genes related to the pathogenesis and survival of P. syringae in the bacteria 
extracted from both the treated and untreated plants at 72 hpi. The selected genes and 
their functions are shown in Table S2. The results indicated that only fliC expression, 
which encodes flagellin, was significantly lower in the bacteria extracted from the 1-
MT-treated plants than in the bacteria extracted from the untreated ones (Fig. 7A). No 





that 1-MT might affect the motility of bacteria by disrupting flagellum synthesis or 
function. 
 
Figure 7. 1-MT affects the motility of P. syringae. (A) RNA extraction was performed 
from bacteria extracted from treated and untreated plants 72 hpi.  Relative expression of 
fliC during bacterial growth was analyzed. The recA gene was used as an endogenous 
reference gene. (B) Swimming diameter was determined 72 hpi in KB agar plates 





  bacterial suspension was inoculated. The plates were incubated at 28 ºC 
and 5 plates by treatment were measured. The results represent the average of three 
independent experiments ± SE.  Letters indicate statistically significant differences 
(p<0.05, least-significant difference test). 
Given that fliC gene expression seemed to be affected by the 1-MT treatment, we 
assayed P. syringae swimming motility at 72 hpi (Fig. 7B). The swimming motility of 
the bacterium reduced in the cells incubated on the plates that contained 1.5 and 5 mM 
of 1-MT compared to the control cells. These results suggest that P. syringae swimming 
motility in the in vitro assays was affected in a concentration-dependent manner by 1-
MT because a more marked reduction in motility was seen at higher concentrations of 
this compound. These results confirm our hypothesis that 1-MT affects the synthesis of 
flagellar components. 
DISCUSSION AND CONCLUSIONS 
In a previous work, the characterization of tomato plant response to Hx treatment by a 
metabolomic approach allowed us to detect 1-MT to be one of the molecules that might 
be involved in defense against P. syringae. Its protective effect has also been 
demonstrated (Camañes et al. 2015). In the present study, we investigated the mode of 
action of 1-MT in tomato plants against P. syringae by analyzing both the changes 





The importance of SA in defense against P. syringae in tomato has long since been 
established. This pathway plays a key role in the systemic acquired resistance (SAR) 
signaling and synthesis of resistance proteins (PR) (Van Loon 1997) and for the 
regulation of defense responses, such as stomatal closure (Alvarez 2000, Melotto et al. 
2008). It is already known that antagonistic cross-talk exists between SA and JA, which 
consists in inhibiting the SA-dependent responses by the presence of JA (Pieterse et al. 
2009). Bacterial virulence factor COR stimulates the JA pathway by suppressing the SA 
pathway in Arabidopsis and tomato (Brooks et al., 2005; Uppalapati et al., 2005). In 
this work, we observed that treatment with 1-MT reduced the oxylipin pathway after 
infection. This reduction could avoid the manipulation of the SA pathway by bacteria 
by allowing the plant to induce the SA response through PR5. Although the SA and 
PR1 gene expression levels did not significantly differ between the treated and untreated 
infected plants, the observed levels sufficed to enhance the pathogen recognition 
mechanism by the plant cell (Katagiri et al. 2002). Previous studies have shown that 
besides PR5 responding to SA, it can also respond to either ethylene or MeJA 
(Reymond and Farmer 1998). It should be noted that SA is not only a major signal 
transducer after recognizing pathogen attack, but can also enhance pathogen recognition 
sensitivity at low levels (Shirasu et al. 1997). One role played by SA in gene-for-gene 
resistance may be to enhance the recognition mechanism. In this way, only those gene-
for-gene interactions with relatively low sensitivities might be strongly affected by a 
lower SA level (Katagiri et al. 2002). It is also known that besides SA, other hormones 
may be involved in defense against P. syringae, although their role is not entirely clear 
(Gimenez-Ibanez and Rathjen 2010). In fact, ABA signaling could play a role in the 
protection against P. syringae mediated by 1-MT because the 1-MT-treated plants 
displayed both higher ABA accumulation and the induction of the ASR1 marker gene at 
48 hpi. Previous studies have uncovered ABA as an important regulator of plant 
defense responses, which can function positively or negatively depending on the 
analyzed plant-pathogen interaction (Ton et al. 2009). Specifically, ABA has been 
found to be a key regulator of pathogen-mediated stomatal closure (Melotto et al. 2008). 
One P. syringae pathogenesis mechanism is stomatal reopening activation mediated by 
effector COR, which allows bacteria to enter the mesophyll (Melotto et al. 2006). The 
ability of bacteria to successfully colonize the apoplastic space is crucial for successful 
infection. This colonization depends on the ability of bacteria to firstly access the 





to successfully carry out colonization, it is known that stomata effectively function as 
part of the plant innate immunity (Melotto et al. 2008). In the present work, we 
observed that the 1-MT treated and infected plants displayed more closed stomata than 
the control plants, probably due to greater ABA accumulation. This effect of 1-MT 
treatment on stomatal opening could hinder bacteria entering the mesophyll by reducing 
disease symptoms in this way. Several elicitors and resistance inducers, such as chitosan 
and Hx, have been respectively reported to trigger stomatal closure and to, thus, 
contribute to control disease (Klusener et al., 2002; Gudesblat et al., 2009b; Scalschi et 
al., 2013). 
The second requirement for infection to occur is for bacteria to establish in the 
apoplastic space. This depends on several factors, like the ability of bacteria to tolerate 
preformed defense molecules, to import and metabolize available nutrients, and, 
ultimately, to express pathogenicity and virulence factors that modulate host defenses 
and host metabolism by inducing the release of nutrients and water from inside plant 
cells. Once inside the apoplast, bacteria consume the nutrients present in it and, through 
virulence factors, they suppress or evade plant defense molecules (Katagiri et al. 2002, 
Rico and Preston 2008). When monitoring the distribution of bacteria over time in the 
mesophyll of the treated and untreated plants, by confocal microscopy we observed how 
a very small number of bacteria invaded the intercellular space of the treated plants. 
This could indicate not only more closed stomata, but also greater difficulties for 
bacteria to reproduce themselves.  
Moreover, the inability of bacteria to colonize the leaf apoplast of the 1-MT-treated 
plants could also be due to the presence of antimicrobial factors in the apoplast (Katagiri 
et al., 2002), a hypothesis that is supported by bacterial growth in vitro being lower in 
the apoplast extracted from the treated plants. This evidence led us to run a 
metabolomic analysis of its content. This analysis allowed us to identify differences 
between glucose concentrations and of a few amino acids in the treated and untreated 
plants. Nevertheless, the lower glucose levels found in the infected plants did not affect 
the growth of the bacterium in vitro, which might indicate that the higher glucose 
concentrations detected in the treated plants could be involved in increasing plant 
defense, which agrees with other authors (Rojas et al. 2014). Regarding amino acid 
content, we highlight an increase in the treated and infected plants of Thr, which could 





et al. 2011). Moreover, the levels of Trp, which is considered a modulator of defense 
(Ward et al. 2010), were clearly higher in the treated plants. As previously described by 
other authors (Dominguez and Carrari 2015),  higher Thr and Trp levels could be a 
consequence of the increase observed in ASR1 gene expression in the treated plants. As 
expected, 1-MT levels were also higher in the treated plants. In view of this result, we 
tested the direct effect of 1-MT on the bacterium. For this purpose, an in vitro study was 
carried out and demonstrated that at the 5 mM concentration applied to roots, cell 
division was inhibited, but no effect was observed at similar lower concentrations to 
those detected in leaves and the apoplast. These findings demonstrate that the present 
concentrations were much lower than those that affected bacterial growth.  
Therefore, having ruled out the bactericidal effect of 1-MT at the concentration present 
in the plant, the possible effect of treatment on the genes involved in the pathogenicity 
of the bacterium was analyzed because another important factor for the successful 
colonization of bacteria is their ability to synthesize virulence factors (Rico and Preston 
2008). The analysis of the expression of these genes indicated that treatment did not 
seem to affect the virulence of bacteria, but affected their motility because the fliC gene, 
which is involved in the synthesis of flagellin, one of the main components of the 
bacterial flagellum, showed a low expression in the treated plants. These results indicate 
a malfunction of the flagellum, which was confirmed by the swimming assays in a 
semisolid medium in the absence or presence of 1-MT. The motility of bacteria is 
essential for both their entry and establishment in the mesophyll apoplast and also for 
their capacity to move inside it. Previous works have shown that the flagella of bacteria 
are involved in other functions, like forming a secretory system (Young et al. 1999, 
Haiko and Westerlund-Wikström 2013). Therefore, their absence could hinder the 
colonization of the apoplastic space by bacteria. 
A model of the 1-MT mode of action based on the results obtained herein is provided in 
Figure 8. We conclude that the effectiveness of 1-MT treatment can be due, on the one 
hand, to the inhibition of stomatal opening caused by COR since the treated plants 
showed higher ABA levels and more closed stomata, which could prevent, or at least 
hinder, the entry of bacteria to the mesophyll, a crucial step for successful colonization 
to take place. Besides, 1-MT appeared to act by blocking the JA pathway, which could 
avoid the manipulation of the SA pathway by the bacterium. On the other hand, the 





itself in the plant. Although the 1-MT levels detected in the plant did not seem to have 
any antimicrobial effect, the possibility of them being high enough to avoid, or at least 
affect flagellum formation, cannot be ruled out. By affecting flagellum formation, it 
directly affects the mobility of bacteria in the mesophyll and, together with it, their 
capacity to reach the nutrients present in the apoplast. However, further metabolic and 
proteomic studies are needed to identify other compounds with antimicrobial activity 
which could help us to explain the reduced bacterial growth observed in the apoplast 
extracted from the treated plants.   
 
Figure 8. The involvement of 1-MT in tomato–Pseudomonas syringae pathosystem. 
ABA plays a positive role in pre-invasive stomatal immunity by induction of stomatal 
closure to prevent pathogen entry. 1-MT blocks JA pathway activating this way SA 
pathway through the expression of PR5. The increase in the concentration of Thr and Trp 
together with 1-MT could be affecting the cellular division of the bacteria. In addition, 1-
MT reduces the expression of flic gene involved in the synthesis of the flagellum, causing 
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Figure S1. Bacterial RNA extraction was performed from P. syringae extracted from 
infected leaves. Relative expression of following genes were analyzed during bacterial 
growth (A) Quorum sensing establishment-related genes (psyI), COR synthesis-related 
genes [(B) cfa1, (C) cmaB and (D) cfl], marker genes of the type III secretion system and 
the type III secretion system-associated pilus, respectively [(E) hrpL and (F) hrpA],  (G) 
gene responsible for effector synthesis (avrPtoB). The recA gene was used as an 





Table S1. Amino acids, hormone and sugar content in apoplast extract. The values are the 
average of three independent experiments ± SE. Apoplast amino acid and hormone 
concentration are expressed in ng mL
-1 









Ctr 1-MT Ctr Inf 1-MT Inf 
Thr 406 ± 156 845 ± 244 235 ± 65 737 ± 247 
Val 592 ± 156 559 ± 258 255 ± 96 496 ± 118 
Pro 489 ± 47 1014 ± 39 495 ± 109 601 ± 92 
Ser 59 ± 28 222 ± 81 20 ± 10 111 ± 26 
Ala 271 ± 75 456 ± 142 417 ± 100 616 ± 156 
Trp 180 ± 72 124 ± 59 164 ± 125 750 ± 335 
Phe 225 ± 182 53 ± 15 38 ± 15 298 ± 259 
Glu 2031 ± 736 3639 ± 887 2045 ± 327 5503 ± 1910 
Asp 2054 ± 408 3590 ± 252 655 ± 185 2056 ± 667 
Tyr 341 ± 112 511 ± 195 753 ± 102 1486 ± 291 
His 103 ± 39 307 ± 22 964 ± 361 1154 ± 345 
Met 35 ± 29 121 ± 29 76 ± 24 71 ± 12 
Gln 478 ± 231 715 ± 137 722 ± 253 1385 ± 543 
Lys 463 ± 254 687 ± 185 721 ± 273 1384 ± 632 
Pip 230 ± 40 396 ± 42 1606 ± 223 2275 ± 970 
 
ABA 38 ± 8 38 ± 3 48 ± 10 49 ± 4 
SA 2 ± 2 8 ± 7 45 ± 27 19 ± 10 
OPDA 27 ± 1 26,1 ± 0,1 42 ± 12 38 ± 7 
JA 29 ± 5 42 ± 11 143 ± 42 127 ± 43 
 
Fructose 50 ± 1 64,5 48 59 ± 11 





Table S2. Primers used for plant gene expression analyses. 
Function Gene Primer 
Abscisic stress-ripening 
protein 1 
ASR1 F 5’- ACACCACCACCACCTGT -3’  
R 5’- GTGTTTGTGTGCATGTTGTGGA -3’ 
Pathogenesis-related 
protein 1 
PR1 F 5’- CCGTGCAATTGTGGGTGTC -3’  
R 5’- GAGTTGCGCCAGACTACTTGAGT -3’ 
pathogenesis-related 
protein 5 
PR5 F 5’- GAGGTTCATGCCAAACTGGTC -3’  
R 5’- TCAACCAAAGAAATGTCC -3’ 
Allene oxide cyclase AOC F 5’- GCACGAAGAAGAGAAGAAAGGAGA -3’  
R 5’- CGGTGACGGCTAGGTAAGTTT -3’ 
Elongation factor 1-
alpha  
EF1α F 5’- GACAGGCGTTCAGGTAAGGA-3’ 
F 5’- GGGTATTCAGCAAAGGTCTC-3 
 
Table S3. Primers used for bacterial gene expression analyses. 
Function Gene Primer 
Coronatine synthesis cfa1 F 5’-AAAACCATCGTCGACATTCTG-3’  
R 5’-GTTGGCGTTGAGGTCGATA-3’ 
 cmaB F 5’-AATTCGACACCCGACAAGAC-3’  
R 5’-ACTAGGGGCTTCAGGTCCAT-3’ 
 cfl F 5’-ACAGCTGAAGCAGCACTTGA-3’  
R 5’-CGAGGATCTCTCGGTAGTCG-3’ 
Type III secretion system, type 
III secretion system-associated 
pilus and effector synthesis 
hrpL F 5’-TCTCCAGTGCGTGTTTCTTG-3’  
R 5’-AGCTTTCCTGATACGGCTGA-3’ 
 hrpA F 5’-CCTCCAAACTCACCAACCTT-3’  
R 5’-CGGACTCTTTACTGGCCTTG-3’ 
 avrPtoB F 5’-ACCCTATCGCGTCACAATTC-3’  
R 5’-CATGAACGCCAGGTCCTTAT-3’ 
Quorum sensing establishment psyI F 5’-GGCTTGAATGGAATGTTCGT-3’  
R 5’-CAGGTGTTGATCAGCCGTAA-3’ 
Flagellin synthesis fliC F 5’-ATCTGAACGGCAAGAACCTG-3’ 
R 5’-TGCGCTCAAAGTCAGAGAGA-3’ 
Internal reference recA F 5’-CGGCAAGGGTATCTACCTCA-3’  
R 5’-CTTTGCAGATTTCCGGGTTA-3’ 
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Tomato is one of the most important vegetable crops in the world. Today’s tomato 
production is about 182 million tons, obtained from 4,848 million ha, and Spain is the 
world’s eighth producing country (www.fao.org/faostat/en). Among the factors leading 
to tomato cultivation loss is attack of pathogens like Pseudomonas syringae pv. tomato 
DC3000. To control pathogen attack, pesticides need to be employed. The use of these 
agrochemical compounds may pose environmental pollution and health problems, 
which is why researchers are searching for enviro-friendly strategies to mitigate 
pathogen attacks. In this work, new strategies such as using Cu heptagluconate, 1-MT 
and NH4
+
 are proposed for controlling pathogen spread in tomato crops and reducing 
pesticide use.  
Traditionally, large amounts of Cu have been applied as a pesticide, which has caused 
environmental pollution and led to search for alternatives that reduce its application. 
One such strategy is using complexing organic compounds, characterised by greater 
absorption, like Cu heptagluconate are allowed in sustainable agriculture and play a 
double role as a pesticide and fertiliser, but are applied in smaller amounts. In Chapter 
1, the efficacy of the complexing organic compound between heptagluconic acid and Cu 
was tested in tomato plants against P. syringae. The analyses showed a reduction of 
more than 50% in bacterial populations in Cu-heptagluconate-treated and inoculated 
plants, because plant defence mechanisms were activated via enhancement in phenolic 
compounds. Several authors have previously described the relation of Cu treatment with 
increased lignin biosynthesis or antimicrobial substances such as flavonoids, which are 
compounds that play a role in plant disease resistance (Harker et al., 1990; Aziz et al., 
2006; Chmielowska et al., 2010). Our results also showed lower ROS production after 
infection. This event has also observed by Chmielowska et al., 2010 in Capsicum 
anuum against Verticillium dahliae through the up-regulation of peroxidase after 
supplying Cu inorganic forms. Besides, in vitro assays have indicated the antimicrobial 
effect of Cu on pathogen development. It should be noted that the activation of plant 
innate immunity, in combination with the direct effect of Cu against the pathogen, could 
be an effective treatment for preventing disease in the field as it would not only avoid 
using inorganic Cu forms, but would diminish pollution. 
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Use of resistance inducers is another strategy to fight against pathogen attack. In the last 
decade, Hx has been one of the resistance inducers used in tomato plants against P. 
syringae. This compound acts as an inducer of plant defences by a priming mechanism 
against pathogens with different lifestyles (Vicedo et al., 2009; Llorens et al., 2013; 
Scalschi et al., 2013). This priming mechanism is characterised by a metabolic profile 
of Botrytis cinerea- or P. syringae-infected tomato plants, and is treated with Hx. In this 
study, the authors showed an increase in 1-MT, a natural compound produced by tomato 
plants infected with Pseudomonas syringae attack. Application of 1-MT to tomato roots 
lowers disease symptoms close to 40 % (Camañes et al. 2015). In Chapter 2, this 
compound’s mode of action was studied by metabolic and transcriptomic profiles in 
tomato plant tissue against P. syringae and in the apoplast extract as this pathogen 
develops its pathogenic phase in this space. The transcriptomic changes in genes related 
to the pathogenicity and virulence of bacteria were studied. After 1-MT treatment and 
inoculation, ABA and the ASR1 marker gene and stomatal closure increased and 
bacterial entry in the mesophyll diminished. Several authors have previously described 
the role of ABA in stomata closure control and its relation with Pseudomonas infection 
(Melotto et al., 2006; Melotto et al., 2008; Cao et al., 2011). Our results also showed 
increased SA content in the 1-MT-treated and infected plants, while the oxylipin 
pathway reduced, which means that manipulation of the SA pathway by bacteria could 
be avoided, which would allow better induction of the SA response through PR5 by 
plants. It has been previously shown that PR5 can respond to SA, or to either ethylene 
or MeJA (Reymond and Farmer, 1998), but SA is the main signal that appears after 
recognising pathogen attack (Shirasu et al., 1997). As the endophytic phase of bacteria 
takes place in the apoplast, its composition could be another factor that affects the 
bacterial colonisation of the mesophyll. This led us to study apoplast content and to 
hypothesise that reduction in bacteria could be due to the presence of antimicrobial 
factors in the apoplast as previously described by Katagiri et al. (2002). We found that 
several metabolites in the apoplast increased, 1-MT and amino acids such as Thr or Trp, 
which have been previously described as defence modulators (Stuttmann et al., 2011; 
Ward et al., 2010). Moreover, we found that bacterial growth was dependent on the 1-
MT concentration and that this compound affected P. syringae motility, with a decrease 
in the fliC expression that encodes flagellin. Hence, this treatment had an effect on plant 
defence, but also repressed bacterial motility by hindering bacteria from entering and 
establishing in the apoplast, as well as their capacity to move inside it. In short, 1-MT is 
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a natural compound produced by tomato plants that might constitute an alternative to 
pesticide use given it’s observed capacity to induce resistance against Pseudomonas 
syringae attack. However, further studies are required to determine its application in the 
field. 
In an attempt to search for other approaches to control bacterial speck damage, we 
proposed elucidating the effect of NH4
+
 nutrition against this disease. The large amounts 
of N fertilisers, mainly in the NO3
-
 form constitute another agriculture problem. This 
compound is highly soluble, can be released to the atmosphere as nitrous oxide and can 
be leached into groundwater to produce water eutrophication (Sánchez-Pérez et al., 
2003). Therefore, NH4
+





 nutrition triggers mild chronic stress, which induces different plant 
changes and therefore confer resistance to later stress through the activation of systemic 
acquired acclimation (SAA) (Fernández-Crespo et al., 2013; Fernández-Crespo et al., 
2015). Hence, in order to investigate the mechanisms underlying SAA mediated by 
NH4
+
, the changes in nutrient balance, C and N compounds and their implication in 
resistance against P. syringae were studied (Chapter 3). When tomato plants were 
growing under NH4
+
 nutrition as the sole N source, the concentration of the positively 
charged macronutrients general lowered and anion uptake increased as described 
previously by Da Silva et al. (2006) and Roosta and Schjoerring (2007) in other crops. 
An increase in Mn, Zn, S and P was observed, which acted mainly as cofactors of 
antioxidant enzymes to reduce the oxidative stress produced by NH4
+
 nutrition as 
Carlisle et al. (2012) observed in wheat plants. Regarding primary metabolism, our 
results showed a general reprogramming of the primary metabolism in leaves and roots. 
Thus the concentration of N-containing compounds and the levels of Glu metabolism-
derived amino acids rise. These results agree with Frechilla et al. (2002) and Ueda et al. 
(2008), who observed an increase in Glu and Asn in soybean and pea plants under NH4
+
 
nutrition. Our results suggest the strong biosynthesis of Gln together with Asn, which 
are amino acids involved in alleviating the stress produced by this cation. In addition, an 
accumulation in Arg was observed, which accumulated 16-fold in the NH4
+
-fed plants. 
Arg is a Put precursor and the importance of this polyamine in tomato plant defence has 
been previously reported by Fernández-Crespo et al. (2015) and in Arabidopsis by Kim 
et al. (2013). In view of these results, we proposed generating transgenic silenced 
tomato plants on the Put biosynthesis pathways to test their role against the pathogen in 
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order to demonstrate the role of polyamines in plant defence against P. syringae 
(Chapter 4). The T1 knock-down lines were generated and the expressions of genes 
ADC and ODC notably reduced, while plants became more susceptible to P. syringae 
infection. This indicates that Put could be involved in defence mechanisms against P. 
syringae in tomato plants. In this way, Kim et al. (2013) observed how the Put 
concentration and PR expression lowered, which led to Arabidopsis ADC knockout 
susceptibility to P. syringae. Altogether, this suggests that NH4
+
 constitutes a fertiliser 
alternative to substitute NO3
-
-based fertilisers by playing a double role as both a 
fertiliser and pesticide. So its use could be included in the fertilisation programmes and 
could become a very effective easy-to-use fertiliser.  
It is already known that abiotic stress could trigger mild chronic stress inducing stress-
induced morphogenetic responses (SIMRs) as part of a general acclimation strategy, 
which affects the root architecture (Potters et al., 2009). As NH4
+
 produces mild stress 
and from the results obtained in Chapter 3, where several changes in the primary 
metabolism in the NH4
+
-fed tomato plants were observed, we were motivated to 
investigate if it had any effect on tomato root development and its role in the 
assimilation process (Chapter 5). Firstly in this chapter, we proposed adding different 
NO3
-
 proportions and C to alleviate the mild toxic effect of NH4
+ 
(Britto and Krozucker, 
2002; Garnica et al., 2009). In this work, no differences were observed in PR length and 
LR number under NH4
+
 nutrition. However in other crops such as Arabidopsis or Lotus 
japonicus, NH4
+
 brings about an increase in LR development and inhibits PR and LR 
length, respectively (Lima et al., 2010; Rogato et al., 2010; Giehl et al., 2014). These 
results indicate the different responses of crops to NH4
+
 nutrition during root 
development. Secondly, it is known that crosstalk takes place between the C and N 
pathways because of the use of C compounds by assimilatory processes (Nunes-Nesi et 
al., 2010). C sources, such as glucose or 2-oxoglutarate, were supplied to NH4
+
 
treatment, and alleviation in mild NH4
+
 toxicity was observed during root development. 
Besides, N uptake and assimilation was done by specialised transporters located in plant 





 (AMT) low- and high- affinity transport systems (LATS and HATS) 
were studied as markers of the uptake process. The study of N transporters resulted in a 
general decrease in NRT and an increase in AMT gene expressions, while only ASN1 
and the anaplerotic gene PEPC were up-regulated in roots of plants fed with NH4
+
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nutrition during the N assimilation process. Moreover, auxins are essential 
phytohormones involved in the regulation of PR development and LR emergence 
(Overvoorde et al., 2010), which are facilitated by auxin influx transporters (LAX) and 
auxin efflux transporters (PIN) (Giehl et al., 2014). We proposed studying the 
expression of genes LAX and PIN genes in the root development of the plants treated 
with NH4
+
, and a decrease in LAX4 and PIN4 was observed. Accordingly, previous 
studies conducted with Arabidopsis and wheat have shown lower IAA content linked to 
NH4
+
 nutrition by inducing root development inhibition (Kudoyarova et al., 1997; Li et 
al., 2014). Moreover, ABA also plays a role in root growth (Peuke et al., 1998). In 
tomato plants, NO3
-
-fed flacca seedlings showed a significant decrease in the root 
parameters compared to the NO3
-
-wild type, while the NH4
+
-fed flacca seedlings 
showed a reduction only in PR length. These changes seemed to be related with auxin 
transport, and also with N uptake and assimilation.  
In summary, when we compared the defence mechanisms of the three studied 
compounds, we found that the treatment of Cu heptagluconate and NH4
+
 induced the 
metabolism of phenolic compounds, but it did not seem to be involved in this pathway 
in 1-MT. Besides, 1-MT and NH4
+
 induce ABA accumulation and stomatal closure by 
avoiding bacterial entry in mesophyll cells, whereas this increase in ABA was not 
observed in the plants undergoing Cu heptagluconate treatment. In addition, 1-MT and 
Cu have a direct effect on the bacterium, while this phenomenon has not yet been 
studied in NH4
+
. As shown in this work, the different treatments also induced other 
specific defence mechanisms in tomato plants against P. syringae. 
To conclude, the use of Cu heptagluconate, 1-MT and NH4
+
 are proposed as an 
alternative to reduce pesticide use and they could be considered in phytosanitary 
programmes currently used in agriculture, as they can control attack of pathogens, 
specifically P. syringae in tomato plants avoiding todays’ loss production. In the future, 
the use of these compounds can be extended to other pathosystems of interest to finally 
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Based on the proposed objectives described herein, the following conclusions can be 
drawn:  
Objective 1. Proposal of a new formulation based on the combination of heptagluconic 
acid with copper as an inducer of resistance against P. syringae. 
Conclusion: 
1.a. The new Cu heptagluconate formulation, applied via roots in tomato plants, is 
effective in preventing and controlling the bacterial speck (Pseudomonas syringae pv. 
tomato DC3000) by inducing caffeic and chlorogenic acid accumulation, and by 
reducing ROS accumulation in infected plants. 
Objective 2. The study of the mode of action and the modifications in the apoplastic 
content produced by 1-MT to go in-depth into the resistance mechanisms against P. 
syringae and to check their possible direct effect on the bacteria. 
Conclusion: 
2.a. 1-MT treatment acts as a resistance inducer against P. syringae, since an increase in 
abscisic acid (ABA) levels was observed, inhibiting stomatal opening and avoiding 
bacterium entry. Moreover, 1-MT might block the oxylipin pathway by avoiding the 
manipulation of the SA pathway by bacteria, which could help plants to defend 
themselves from the pathogen. 
2.b. 1-MT directly impacts the bacterium because its motility diminishes and the 
expression of fliC gene, responsible for the correct flagellum synthesis, lowers.  
Objective 3. The analysis of the NH4
+
 effect on the nutritional balance and the primary 
metabolism in the pathosystem model. 
Conclusion: 
3.a. Under infection, NH4
+
 increases macronutrient (S, P) and micronutrient (Zn, Mn) 
concentrations in infected leaves, which can act as cofactors of antioxidant enzymes to 




3.b. Absorption of NH4
+
, as the sole N source, reduces the TCA cycle intermediates and 
increases the level of amino acids to avoid the toxicity caused by NH4
+
. Moreover, the 
increase of Arg, a precursor of putrescine biosynthesis that forms part of the systemic 
acquired acclimation process seems to be required for a better plant resistance to a 
subsequent infection. 
Objective 4. The generation of transgenic silenced plants in the two putrescine 
biosynthesis pathways (ADC and ODC) in an independent manner to study their 
response in the induced resistance against P. syringae. At the same time, the cellular 
localisation of proteins SlADC and SlODC will be studied.  
Conclusion: 
4.a. In vitro tests with putrescine show that it has no direct antibacterial effect.  
4.b. The transgenic lines SiADC-1, SiADC-2, SiODC-1 and SiODC-2, show a lower 
expression of genes ADC and ODC, respectively, in relation to greater susceptibility to 
infection. 
4.c. For the first time, the fluorescence analysis reveals that the SlADC protein is 
located in the cytosol, while the SlODC is found in both the cytosol and nucleus. 
Objective 5.  The study of how N sources can affect the root growth parameters and the 
expression of the genes involved in auxin transport and N assimilation. Moreover, we 
propose to study whether the addition of carbon sources can mitigate mild NH4
+
 





 treatment represses almost all the root development parameters (lateral root 
number, root density and fresh weight), except for principal root length.  
5.b The presence of NO3
-
 or addition of C compounds to NH4
+
 treatment alleviates the 
mild toxicity that this ion causes.  
5.c Auxin transporters genes LAX4 and PIN4 might be involved in root development 
under NH4
+













































Las conclusiones obtenidas de los objetivos propuestos en el presente trabajo han sido 
las siguientes: 
Objetivo 1. Propuesta de una nueva formulación basada en la combinación del ácido 
heptaglucónico con cobre, como inductor de resistencia frente a P. syringae.  
Conclusión: 
1.a. La nueva formulación, heptagluconato de cobre, aplicada vía radicular en plantas de 
tomate, ha resultado ser efectiva para la prevención y control de la peca bacteriana 
(Pseudomonas syringae pv. tomato DC3000), induciendo la acumulación de ácido 
cafeico y clorogénico y reduciendo la acumulación de ROS en plantas infectadas.  
Objetivo 2. Estudio del modo de acción del 1-MT y de los cambios producidos por éste 
en el contenido del apoplasto para profundizar en el conocimiento del mecanismo de 
resistencia frente a P. syringae y, testar su posible efecto directo sobre la bacteria.  
Conclusión: 
2.a. El tratamiento con 1-MT actúa como inductor de resistencia frente a  P. syringae, 
observándose una acumulación de ácido abscísico (ABA) que inhibe la apertura 
estomática y evita de este modo la entrada de la bacteria. Además, el 1-MT podría estar 
bloqueando la ruta de las oxilipinas, dificultando la manipulación por parte de la 
bacteria de la ruta del SA lo que podría ayudar a la planta a defenderse del patógeno.  
2.b. El tratamiento con 1-MT tiene un efecto directo sobre la bacteria reduciendo su 
motilidad. Además, se observa una reducción de la expresión del gen encargado de la 
correcta síntesis del flagelo (fliC). 
Objetivo 3. Análisis del efecto del NH4
+
 sobre el balance nutricional y el metabolismo 




 incrementa los niveles de macronutrientes (S, P) y micronutrientes (Zn, 
Mn) en hoja infectada, que pueden actuar como cofactores de enzimas antioxidantes 





3.b. La absorción de NH4
+
 como única fuente de N provoca una reducción en los 
intermediarios del ciclo TCA y un aumento del nivel de aminoácidos de Gln y Asn para 
evitar la toxicidad causada por el NH4
+
. Además, también se observa una acumulación 
de Arg, precursor de la ruta de síntesis de putrescina, como parte del proceso de 
aclimatación sistémica adquirida que prepara a la planta para resistir mejor a una 
infección posterior. 
Objetivo 4. Generación de plantas silenciadas en las dos rutas de biosíntesis de la 
putrescina (ADC y ODC) de forma independiente para ver su respuesta en la resistencia 
inducida frente a P. syringae. Al mismo tiempo, se estudiará la localización celular de 
las proteínas SlADC y SlODC. 
Conclusión:  
4.a. Los ensayos in vitro con putrescina han demostrado que ésta no tiene efecto 
antibacteriano directo. 
4.b. Las líneas silenciadas SiADC1, SiADC2, SiODC1 y SiODC2, mostraron una 
reducción en la expresión de los genes de ADC y ODC, respectivamente, 
relacionándose con una mayor susceptibilidad a la infección.  
4.c. El análisis por fluorescencia revela por primera vez que la proteína SlADC está 
localizada en la célula en el citosol, mientras que la SlODC está en el citosol y en el 
núcleo.  
Objetivo 5. Estudio de cómo la fuente de N puede afectar a los parámetros de 
crecimiento de la raíz y sobre la expresión de genes implicados en el transporte de 
auxinas y asimilación de N. Asimismo, se estudiará si la adición de fuentes de carbono 
puede mitigar la toxicidad del NH4
+
 y se determinará si el ABA puede jugar un papel en 




 reprime gran parte de los parámetros de desarrollo de la raíz (el número de 
raíces laterales, la densidad radicular y el peso fresco de la raíz), a excepción de la 





5.b. La presencia de NO3
-
 o la adición de compuestos carbonados al tratamiento de 
NH4
+
 alivia la leve toxicidad causada por este ión.   
5.c. Los genes de transporte de auxinas LAX4 y PIN4 estarían implicados en el 
desarrollo de la raíz bajo el tratamiento de NH4
+
, y concretamente LAX4 es dependiente 
de ABA  
5.d. El proceso de asimilación de N está afectado por la fuente de N e inducido por la 
ausencia de ABA. 
 
